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NPIC/TDS/D-1134-67
8 December 1967

MEMORANDUM FOR: Chief, Exploitation Systems Branch, DS

SUBJECT : Report '"Display Size and Position"

1. The subject report outlines various criteria to be considered in
the development of rear projection displays. This memorandum considers the
conclusions reached relative to the Rear Projection Viewer.

2. The[::::::::::]Viewer has an on-axis resolution capability at the
screen of 10 lp/mm/Mag. Power @ 3X and 6 lp/mm/Mag. Power @ 70X. The sub-
ject report states that "display resolutions less than 9.23 1/mm should be
compensated for with larger displays and greater viewing distances (greater
than 14 inches)." If a person's resolving capability is directly propor-
tional to the viewing distance, then his eyes can be positioned 21.6 inches
from a screen to resolve 6 lp/mm. At this position, the slant range to the
edge of a 30 inch screen will be 26.1 inches which will allow a resolving
capability of 4.95 lp/mm--the viewer will only project 4.8 1lp/mm at the
screen edge at 70X. At the viewing distance of 21.6 inches, a 34% field-
of-view is required to see a 30 inch wide screen and this is only:4° greater
than the report recommends. The report places rather strong emphasis on the
fact that "major head and neck movements occur for lateral eye rotations
greater than 30°"; however, the[ _ Foom 70 has a 40° field-of-view and this
instrument is used in a scanning mode on a routine and daily basis. Al-
though this use does not mean that this large a viewing angle is comfortable,
there have never been complaints of discomfort over years of use; therefore,
it is reasonable to suggest that the 30° limit on the fiel d-of-view should
be re-examined relative to the photo interpretation function.

3. In any analysis of the type described above strict reliance on a
specific viewing distance can be rather misleading--unless the head is re-
strained relative to the screen. In reality, an operator will not keep his
head rigidly fixed in a specified position over long periods of time thus
making the data less pertinent than it might first appear.

4. Other considerations and recommendations found in the report such
as viewing angle seem to be valid and if possible--within the restraints
imposed by the contract and the current physical optical/mechanical design--
these criteria will be incorporated into t
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DISPIAY SIZE AND POSITION

Display size is most properly established by information content require-
ments, While this approach has been sucessfully applied with alpha-
numeric displays, it is extremely difficult with photographic displajs
because of the problems of speclfying content requirements such as scale,
field of view, resolution, etc. Furthermore, in image display situations,
display size can be traded with film movement}and size must be established

by "instantaneous' information requirements.

A more fruitful approach appears to lie in the examination of the film

movement vs eye movement trade, Within limits, the use of eye rather

. than film movements is highly desirable; mechanical requirements are

simplified, maximum speed and flexibility are achieved, The limits, how-
ever, of ease and comfort of eye movements impose restrictions on display

size.

‘fAnthrgﬂbometric considerations limit the visual angle within which eye

movements can be made comfortébly and effectively.

Ideally, minimum fatigue results when movements are limited to eye rotation

“‘alone, Although some head movement accompanies nearly all eye movements,
'K major head and neck movements occur for lateral eye rotations greater than
"f'30° (Spiro, 1961). Eye elevation, above the horizontal, is especially
\vzilfatiguing (Weston, 1953), The normal restingbeye'position, because of

“-natural body slouch and the tendency for the eye to aésume a downward cast

is about 15 degrees:below the horizontal (Morgan, et al; 1963). These

.;considerations lead to the preferred viewing angles shoﬁn in.Figure 1.
- It should be noted that for situations requiring maximum speed and -
' accuracy'of eye fixatiohs (e.g., dynamic display or critical scan time

fvconstréinfs), the:reCOmmended angles should be halved.

~These-recommeqded angles define a specific display size once the viewing

: ”i";distance is selected..'Viewing distance should be consistant with displayed

resolution within the constraints of visual comfort., Data for resolution

of singe wave targets by Lowry and Deﬁ%lma (1962) indicate that maximum

usable display resolution at a 14-1inch viewing distance is 9.23 1/mm
on the display. Unless the resolution is less than 9.23 1/mmltherefore,'
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FIGURE 1: RECOMMENDED VIEWING ANGLES

(from Morgan, et al., 1963)
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the viewing distance should be 14 inches. At gteater distances or

higher resolution levels the eye becomes the limiting factor in-

resolution. Prolonged viewing at distances less than 14 inches produces

fatigue. Display resolutions less than 9,23 1ymm should be cempensated

for with larger displays and greater viewing distances.

5 At a 14-inch viewing distance, the recommended viewing angles define a

suggested display size of about 16 inches, Larger display areas can be

. used to assist the interpreter in locating desired areas and moving them

-to the 'center of the display but detailed viewing or systematic scan of

areas

Nominal viewing distance is defined as the

outside the recommended display size should not be required.

ﬂistance from the eye to the
alma a2 Ime nocwal o the dispiay surface,

qngﬂtgnhui“the display, Decause of body movement restrictions the viewing

distance will increase for other areas of the display (assuming a flat dis-

play surface). The amount of the increase will depend on the distance

and direction from the center of the display, the placement of the display,

and the restrictions on interpreter body movement.

In addition, rear projection screens show degradations in brightness as

Table

"'t he viewing angle becomes less perpendicular with the screen surface.

1 shows the effects of these factors for three screen tilt angles.‘

‘The'following data and assumptions Were'used to develop the Qalues in the

. table.

1) " Screen size is 16 inches.

.'2) Nominal viewing distance is 14 inches. .

71~ 8) Entire display is loca in recommended visual areas'shown

iin Figure 1,

'f:4),'Line-of—sight at the screen tilt angle is normal to screen surface.

: 5) Eye position as a function of viewing angle from Brues (1946).

Assumes shoulders fixed ¢weeERFlNnadr

% 6) Resolution limits at 20 ft-L (assumed maximumfdisplay illumination)

from Lowry and Depalma (1962),

‘7) Effect of brightneas tentatively extrapolated based on Moon and

- Spencer (1944).
8) Screen .gain dath for Polacoat LS-60C.
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TILT (degrees) '

| e S
LU R e em e
Ma%‘Brightness Degradation , 76.0% ’ 7?.0% ‘iv' 57.0%v
Max‘ Resolutic;n Degradation |  12’.';2% ’]‘.0.‘k7% ) 6.379;.
due to‘Brightness N : : : R -
Total Deérada;tiqn | R . | gs.'_sv%“' ‘is.s% B 185% I

Fe

TABLE 1: DISPLAY TILT EVALUATION ';
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Contrast degradation will also occur as a function of viewing angle,

This factor could not ke evaluated but will be a maximum for O degree tilt
“and a minimum for 30° tilt, It should be noted that only 3 specific
positions were évaluated and that these evaluations afe primarily analytical.
No experimental data directly applicable to this problem is known to

exist. The results should be validated.

The recommended display size of 16 inches is appropriate only 1f such a
display can provide the required information content. Figure 2, based on
the work of Steedman and Baker (1960), -helps to evaluate this factor. These
data are based on the finding that a target size subtending 12 minutes of
-visual arc is necessary for form recognition, If greater information con-
tent (e.g., greater ground coverage for a given target) is requifed, then
.th_e fet:oxmnended display size must be compromised unless image motion can

be’i:sed to compensate for the restricted field—of—view.
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increasing the level of performance, without in any way
alTecting the kind of performance.

The empiricaily derived index of spatial summation,
p=0.57, for flicker in the central fovea is higher than
might be expeeted on the basis of threshold measure-
ments, accepting Pieron’s law? that threshold intensity
is inverscly proportional to the 0.3 power of arca for
targets between 1 and 40 min, in diameler in the fovea,
as being a reasonable approximation. However, Weale?
derived an index p=0.64 from the flicker data of

1 H. Picron, Annde psycho‘l. 30, 87-105 (1929).

FOLEY Val. 31

Kugelmass and Landis® which is very close to the value
reported here. The slight diserepancy may be due to
the fact that their largest target was 14.60° in diameter.
One might expeet the extrafoveal component to show
slightly more interaction, and inspection of their data
shows that dN./d logA is not completely independent
of area at the higher values.

The conclusion seems reasonable that the degree of
arcal summation for flicker in the fovea is different from
that for thrushold discrimination.

s, I\ugclnnss and C. Landis, Am. ]. PS)chol 68, 1-19 (1955)

JOURNAL OF TIIE OPTICAL SOCIETY OF AMERICA
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Sine-Wave Response of the Visual Syétem. I. The Mach Phenomenon*

E. M. Lowry anNp J. J. DePatma
Researcl Laboratories, Fastman Kodak Company, Rochester, New York

(Received December 17, 1960)

In order to develop a complete specification for the appraisal of the quality of a photographic system hy
the use of sine-wave responsc functions, the sinc-wave response of the complete visual system must also he
known. A method has been worked out for determining the above-mentioned response of the eye. Whenever
the cye views a diffuse luminous boundary in which a sudden change of luminance gradient occurs, a bright
line appears at the junction of the gradient and the higher luminance, and a dark line at the junction of the
gradient and the lower luminance. This phenomenon is a purely subjective one, because physical measure-
ments of the luminances involved show no luminance higher or lower than the two between which the

gradient exists.

A visual slit photometer has heen built with which the subjective intensity distribution may be evaluated
directly. By '1pphcatmn of Fourier analysis, Lhe objective and subjective intensity distributions have been
combined to yield the sine-wave response of the visual system.

INTRODUCTION

F progress is to be made toward an understanding of
how-useful the sine-wave response is as a method of
appraising image quality in photographic reproduction,
the response characteristics of the visual system must
be accurately kuown and properly applied as one element
in the cascaded system. It should be emphasized that,
while the transfer functions for lenses and emulsions
are entirely physical, in the case of the visual system
these functions are psychophysical and, conscquently,
factors are opcrative which are absent in a strictly
physical analysis.

Trom the image of a test object formed on the retina

by the lens of the c¢ye, a number of investigators, in-
cluding Flamant,! DeMott,> and Stultz and Zweig,?
have attecmpted to obtain or interpret information
pertaining to the visual spread-function or transfer
function. Such data do not include the response of the
nervous system associated with the eye, and therefore
" cannot be applied immediately to the problem of

* Communication’ No. 2135 from the Kodak Recscarch
Lahoratories.

VI, Flamant, Rev. opt. 34, 433 {1954).

1D, DeMott J. Opt. Soc. Am. 49, 571 (1959

K. I, Stultz and .} Zweig, J Opt . Am. 49, 693 (1959)

appraising the quality of an image as seen by an ob-

server, since they are primarily objective mecasures

rather than subjective ones.

Several authors, among them Schade,® Selwyn,?
Rosenbruch,® and Ooue,” have made usc of the contrast
sensitivity of the eye for different spatial frequencices, as
the measure of importiance for the visual responsc 1o
sinusoidal intensity waves. In this connection, contrast
sensitivily is defined as the contrast necessary, in a sine-
wave test object of known spatial frequency, for thresh-
old perceptibility. When this threshold object contrast is
plotted as a function of the frequency, or visual angle,
of the sinusoid, it is called the *‘sine-wave contrast
sensitivity” of the cye. First Schade,® and later Ooue,’
have taken the reciprocal contrast sensitivity and called
it the “sine-wave response.”
this is a very important and useful function, it has not
yet been proved, so far as the authors are aware, to be
truly the sine-wave response function. This is evidenced
by the fact that sine-wave response is the ratio of
image-to-object contrasi at cach frequency, and the idea

10. I1. Schade, J. Opt. Soc. Am. 46, 721 (1956).
® 1. W. H. Sclwyn, Phot. J., B88, 6 {1948).
‘K. ] Roscnbruch Optik 16 135 (1959).
8. Ooue, J. Appl. l’hya (japun) 28, 531 (1959).
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of response in this connetation is suprathreshold and
pot threshold, There may he some simple relation
pelween reciprocal contrast sensitivity versus frequency
aud the sine-wave response of the eye. However, for
«uch a relationship 1o exist, the method of reciprocal
contrast sensitivity must measure the response, or at
Jeast the equivalence of the response, and not just some
function of the signal. .

Under most normal viewing conditions, the eye is
operating in a region where both luminance and detail
size are well above threshold. The method proposed
in this paper assumes lincarity between signal and re-
sponse, but over only a narrow suprathreshold range,
and furthermore docs not rely on the as-yct-unknown

relationship between  threshold and  suprathreshold

TCsponse,

NEW APPROACH TO THE DETERMINATION OF
THE SINE-WAVE RESPONSE OF THE EYE

Apparatus and Experimental Technique

A phenomenon, which was first reported by Mach®
in 1865 and which has since been the subject of study
by a number of investigators, scemed to lend itself to the
determination of the subjective response of the cye to
an objective energy distribution, at well above the

threshold for either size or brightness. Mach discovered-

that whenever the eye views a diffuse luminous bound-
ary in which a sudden change of luminance gradient
occurs, a white line is visible where there is a rapid
decrease in gradient and a dark line where there,is a
rapid increase. As shown in Fig. 1, the luminance
gradient between the light and dark lines, as secn by
the eye, departs from the lincarity which exists in the

b- physical gradient and for the cdges studied approxi-
res ) mates an S shape. Edges with other than lincar gra-
o dients have not been examined quantitatively as yet,
", although their investigation is planned.
ast The phenomenon just described and known as the
188 Mach bands is purely subjective because physical
10 measurement of the intensities involved shows no in-
rast tensity higher or lower than the two between which the
ine- gradient exists,
'“51}' In order to determine the sine-wave response function
st 1s of the visual system, it is necessary in some way to
agle, evaluate a transfer which is psychophysical rather than
4ras§ a purely physical one such as that invelving a lens or a
Jue, photographic emulsion. For this purpose, the Mach
alled bands appeared ideal, because here we have a physical
-orm, stimulus which is rather easily mcasured and at the
3 not same time a visual response to the stimulus which may
to be be evaluated by psychophysical methods.
:.“CCd i An evident mathematical formulation which has been
-“?dOf ' used by workers in this field* 1! is that the distribution
2 1dea , ' E., Mach, The Analysis of Sensations (Jena, 1880), pp. 216-21.
YR. V. Shack, J. Rescarch Natl. Bur, Standards 56, HG (1956).
: 1 5, Ingelstam, E. Djurle, and B. Sjsgren, J. Opt. Soc. Am. 46,
t 707 (1956).
: u P, B, Fellgett and E. H. Linfoot, Phil. ['rans. Roy. Soc.
{  London A247, 369 (1955). '
et Tk
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i6. 1. Diagrammatic representation of the Mach phenomenon.

of energy in the image space 7(x") of an object intensity
function O(x) transmitted through an image-forming
clement, the characteristics of which are known from
its linc spread function 4 (x), can be found by con-
voluting the object distribution with the line spread
function:

I(xh= fm A(x'—2)0(x)dx.

This expression will be more fully discussed later in
this paper but is introduced here since it is the deter-
mination of the image function 7(x’) with which we
are here concerned. Fiorentini,”? and Fiorentini and
Toraldo di Francia,” and also Hariwig," McCollough,'s
and Kiihl,'® have studicd the luminance distribution as
seen by the eye when looking at a penumbral shadow or
diffuse edge. These observers were interested primarily

in the effect of illumination gradients on the sensation

of brightness. The present study goes a step further
and applies such measurements of apparent luminance
distribution to the determination of the visual transfer
function or sine-wave response. '
In our investigation of the subjective impression
received from a physically linear luminance gradient,
diffusc cdges of various widths, having the required
intensity distributions, were obtained by wrapping
strips of white and gray paper spirally around a cylinder.
The cylinder, with its paper strips, was then illuminated
and rotated at high speed. The luminances of the white
and gray strips were photometered with a modified
Macbeth illuminometer and the limits of the gradient
established. These were found to be approximately 20
and 3 ft-L, respectively. The surround was kept con-
stant at about that of the lower luminance. Because
the edges of the paper strips wrapped around the drum -
were straight, the spatial distribution of luminance was
lincar when the drum was rotated. Since neither physical
photometry, luminance photometry, nor photography

2 A, Fiorentini, “Problems in contemporary optics” (Proc,
Florence Mecting, September 10-15, 1954) (Ist. Naz. di Ottica,
IFirenze, 1956), 12. 600. :

(11;5’;)' Fiorentini and G. Toraldo di Francia, Optica Acta 1, 192

HE, Hartwig, Optik 15, 414 (1958).

1 C, McCollough, J. Exptl. Psychol. 49, 141 (1955).

18 A, Kihl, Physik. Z. 2&, 1 (1928).
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VISUAL SUIT
\ PHOTOMETER
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16, 2. Schematic of visual slit photometer.

showed any luminance higher or lower than thosc of the
paper strips, it must be concluded that the light and
dark lines which were observed, as well as the apparent
departure from lincarity of the gradient, were entirely
subjective.

In order to measure the apparent luminance distribu-
tion corresponding to the subjective brightness of
diffuse cdges, a visual slit photometer was developed.
With this instrument the cye sces a two-part ficld in
which one part consists of a uniformly illuminated
slit  mm wide at the center of a dark ficld, and the
other part is formed by the face of the rotating cylinder
on which the diffuse edge appears. The slit is illuminated
from the rear by a diffusing screen and light source
with a neutral wedge between the source and the
screen to modulate the illuminance. Figure 2 shows
diagrammatically the arrangement of the component
parts. At A and B arc plan vicws of the apparatus.
The drum D is illuminated by the two sources L, and
Ls. Light from L, passes through the wedge ¥, diffusing
screen G and diaphragm O into the prism 2, where it is
reflected to the eye of the observer by the silvered strip
S on the blackened hypotenuse face of the prism.

As the observer views the rotating drum covered with
the paper strips, he sees the diffuse edge bounded at its
lighter side by a bright line and at its darker side by a
dark line. By adjusting the position of the drum, which
is movable back and forth along its axis, and by proper
modulation of -the light source with a neutral wedge,
the experimenter is able to match the brightness of the
slit with that of the juxtaposed portion of the edge
under examination. Any possible visual efiect of nonuni-
formity in the test fiekd is ruled out, sinee the end point
i~ at a brightness mateh benween the slicand the portion
of the field adjacent 1o the slit. Consequently, there is no
apparent discontinuity at balance. I'rom the luminance
calibration of the slit, the luminance at the condition of
photometric balance is determined. A series of such
readings, made at different points across the diffuse
edge, permits plotting the subjective luminance im-
pression versus distance across the edge. When both
objective and subjective luminances for a given cdge
arc plotted on the same graph, the resulting pair of
curves depict the actual linear distribution of luminance

LOWRY AND J. J.

DEPALDMA Vol, §1

“and the apparent distribution scen by the eye. The

phcnomenon represented by the curve of apparent
luminance distribution has been a matter of common
observation by anyone who has looked at a penumbral
shadow or a diffuse edge,

The values of subjective luminance obtained from
a series of measurements showed an average deviation
from the mean of approximately £10%. Figures 3, 4,
and § represent the results for several lincar gradients,
The edges having these gradients were 7.5, 2.5 mm, and
a reflected edge, of which cach side was 4.8 mm wide.
Although not shown in these curves, cach distribution
was cut oll to zero luminance at the ends of the drum,
which was out of the effective field of view, Examination
of Figs. 3 and 4 demonstrates that for a given lumi-
nance difference, the width of the bright and dark bands
becomes less, the steeper the gradient. As the width of
the edge approaches zero, the width of the bright and
dark lines or bands also approaches zero, until for a
really sharp edge the eye may be unable to distinguish
any lines differing in apparent luminance from thosc,
Juminances which form the cdge itself, and the subjec-
tive impression of luminance matches that produced
by the stimulus. That is to say, under such conditions
there may be no luminance apparent which is cither
higher or lower than those of the adjoining ficlds.

Theory and Method

"The quality criterion of an optical system no longer
tends 10 be characterized by the limit of resolution,
which .gives little information about suprathreshold
response, but rather by the newer concept of the transfer
function. The transfer function, more commonly called
the sine-wave response function, tells us how the ampli-
tudes (contrast) of a serics of sinusoidal waves change

o171 T T T T 1

~—— Objective

20 o Subjective

Luminance in ft-L
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-
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Fie. 3. Luminance distribution for edge No. 11: solid line,
objective distribution; open circles, subjective distribution.
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July 190] SINE-WAVE
as they are transferred through the system. More
explicitly, it is defined as the Fourier transform of A4 (x),
the line spread function:

2= A7) | = f Ax) cxp[— 2wivajdx, (1)

-0

where & is a spatial coordinate, (v) is the spatial fre-
quency of the component wave in lines or sine cycles
per millimeter, @ is the phase shift in radians of the
component wave from its geometric image position,
and the symbol # denotes a transform operation. The
expression (1) is called the complex transfer function
because it includes a phase function 8(») as well as the
amplitude function | A*(»)]." The phase shift occurs
when the spread function is asymmetrical. When the
spread function is symmetrical, as for example in
photographic emulsions,'® 8(»)=0 and Eq. (1) reduces
to the Fourier cosine transform, A *<(v),

A#e(p)=|A*°(»)| =fw A(x) cos2rvxdy.  (2)

—%

Although the sine-wave response function is basically
a fundamental measure of the fidelity -of an optical

_ system, it has not yet attained the inherent uniquencss

which it has been assumed to possess, mainly because

_ the interpretation and application of such functions to

practical imaging problems have not progressed 'as
rapidly as have the development of theory and accurate
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I'16. 4. Luminance distribution for edge No. 12: solid line,
objective distribution; open circles, subjective distribution.

" The amplitude function |A#(¥)| is sometimes called the
“modulus” and the phase function, the "argument.”
B R, L. Lamberts, J. Opt. Soc. Am. 49, 425 (1959).
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F16, 5. Luminance distribution for edge No. 16: salid line,
objective distribution; open circles, subjective distribution.

measuring techniques, Although' the transfer function
tells how well different spatial frequencies are trans-
mitted through the system, it has yct to be determined
how closely the sine-wave response function correlates
with the qualily of images which have little resemblance
to a periodic pattern, especially as evaluated visually.
Wolfe!® has encountered this problem in his study of
the relationship between the spread function of photo-
graphic emulsions and picture definition. Until such
time as the correct interpretation of such functions is
explicitly determined, analysis of image quality by
sinc-wave response may lead to erroncous conclusions.
However, this is but a temporary objection and should
not overshadow the real importance of sinc-wave
analysis to optical imagery. Its significance is evident
in the particular case of the assessment of a system
acting in concert, e.g., the visual evaluation of a photo-
“graphic reproduction which has been produced by
imaging a dctailed object through a lens system onto an

emulsion. Here the sine-wave approach becomes especi- -

ally uscful because if the response of cach component in

the system is known, the final response is simply the

product of all the component responscs, provided, of
course, that the transfers are linear. Thus, it becomes
-possible to design and control, to some degree at least,
the individual components of the system to achieve a
particular over-all result. -

As was stated in the introduction, in order to make
use of such Fourier methods, the sine-wave response
“of cach component must be accurately known and
properly applied. The transfer function has been quite

WR, N. Wolfe, J. Opt. Soc. Am. 49, 1133(A) (1959); 50,

* 1140(A) (1960).
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744 L. M. LOWRY
thoroughly investigated for lens systems™# 22 and for
the photographic emulsion.™ ™% However, so far as
the authors are aware, the sine-wave response has not
been determined for the complete visual system, Using
the above-mentioned cascade principle and the data
obtained by means of the Mach phenomenon, a method
is proposed to determine this function. In order to use
this method, it must be assumed that the visual transfer
is lincar over a narrow suprathreshold range. To explain
how the derivation of the sinc-wave response was ac-
complished, we must start with the fundamental defini-
tion for the modern trcatment of optical imagery, that
is, convolution:

I(x")= f ” A —2)0(x)d, 3)

-0

where I(x") and O(x) are the onc-dimensional lumi-
nance distributions in image and object space, re-
spectively, x is the projected object coordinate, &' is
the image coordinate, and again A (x) is the linc spread
function. It should be noted that the spread function
is a characteristic of the optical system only and is
assumed to be independent of the object distribution.
Whereas this point is quile obvious when reference is
made to purcly physical systems, it is not so obvious
when the psychophysical system of the eye is considered.
This will be discussed in a later section,

The convolution theorem, from which Eq. (1) is.
casily derived,?! shows how the illuminance at any
point &’ in image space can be found from the luminance
of the contributing points in object space which have
been modificd by the spread function. The important

fact 1o be deduced from the convolution theorem in the -

present problem is that it is possible to derive mathe-
matically the spread function of the visual system by
inversion of the integral in Eq. (3), provided, of course,
that the appropriate object and image distributions are
known. As has been explained previously, by making
use of the Mach phenomenon, these two functions, both
of which are assumed to be proper and consistent with
the definition of convolution, were measured—O(x) was
measured with a standard type of visual photometer and
I(x") was measured with the special photometer de-
scribed in this paper. A simpler and more useful deter-
mination of the inversion of Eq. (3) for the purposes of
obtaining the sine-wave response directly is based on
the well-known Fourier integral theorem,*:* by which
the convoluted spatial distributions reduce to the

» i, H. Linfoot, J. Opt. Soc, Am. 46, 721 (1956).

1 P, Lindberg, Optica Acta 1, 80 (1954).

2 P, M. Dufficux, L'Inlegral de Fourier et ses applications
d P'optique (Soc. anon. Obcerthur, Rennes, France, 1940).

# ], A, Eycr, J. Opt. Soc. Am. 48,938 (1958); L.. O. Hendeberg,
Arkiv Fysik 16, 417 (1960). ‘

2 In N. Wiener, The Fonrier Integral and Cerlain of its Applica-
tions (Dover Publications, New York, 1933),

1
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product of their Fourier spectra:
I#(n)=:A%(»)-0%(v), )

I# I+
A8 ()= (v [1*(»)]

04 () 1040

exp{i[0r(») =00 ]}.  (3)

Here, cach function from Eq. (3) is translormed to
the spatial frequency domain »; that is, I*(¥) and
0* () arc the complex Fourier transforms of the image
and object distributions, respectively : :

146)= |1+ )] explio ()]
= f i I(x) exp[—2wivx]dx, (6)
0* (»)=10* ()| exp[ibo(»)]

=f 0(x) exp[— 2mivaldx; (7)

-—00

and A*(») is the sinc-wave response of the visual
system as has been explained and can be scen from
Eq. (1). The phase function 6o(v) for the object and
:(v) for the image must be included because of the
asymmetrical nature of all of the distributions used,
except for the object curve of edge No. 16 (sce Fig. 5).
It can be scen that Eq. (4) is the quantitative basis for
the important cascading procedure mentioned.

IL now becomes clear why Flamant’s spread function
used in Eq. (1) would not yield the correct sine-wave
response of the eye. This would give the sinc-wave
response of the eye lens, ocular media, and retina only;
that is, the physical response, and not the complete
response we are seeking. The sine-wave response, Eq.
(5), was computed for the edges shown in Tigs. 3, 4,
and 5. This was accomplished by first taking the Fourier
transform of the object and image distributions (taking
into account the cutofl 1o zero luminance as mentioned
carlier), Egs. (6) and (7), then substituting into Eq. (5)
and performing the division for the various appropriate
spatial frequencies. Since the viewing distance was
maintained constant for each edge (14 in.), the threc
separate determinations of the transfer function should
be approximately the same. This is based on the
provision that the spread function is dependent solcly
on accommodation and pupil diameter and is independ-
ent of the object distribution. When the viewing dis-
tance is constant and the adaptation level does not
vary greatly, it is felt that the visual spread-function is
invariant, as it indeed must be for the convolution to
have any real meaning. The reasonablencss of this as-
sumption will be evident later in the discussion of Tig. 8.

There were several methods available for determining
the TFourier transforms of the spatial distributions
needed for Eq. (5). Perhaps the most direct is to first

express the experimentally determined distributions

"~ Approved For Release 2005/05/02 : CIA-RDP78B04770A001900020032-6
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anatytically. In this case, the Fourier transforms of the
objective distributions are accessible in closed mathe-
matical form and are of the type (sin)/v The image
distributions and their transforms are not readily de-
termined or easily handled analytically, however.

The transforms could also be determined by well-
known approximate integration methods. Another ap-
proach might be through the derivatives of the func-

tions, since such derivatives ave Fourier-transformable

and their ratio would be suflicient for finding the sine-
wave response in Eq. (3).

Although some preliminary determinations weremade -

using all of the above-mentioned methods, cach proved
10 be somewhat unsatisfactory, mainly because of the
dithiculty of adjusting and applying the experimental
data to such methods.

The method employed to determine the Fourier
transforms, and that which proved to be the most
satisfactory, was that of analog computation using a
high-precision harmonic analyzer. This analog com-
puter was casily adaptable 1o our experimental data,
and afforded great flexibility and speed, and data
reduction was gréatly sxmpllﬁcd

The harmonic analyzer is intended 1o determine the
cocfficients of a Fourier series, that is, it treats the
function as being periodic and of finite period. It
analyzes the intensity distribution into a discrete set
of harmonic waves whose spatial frequencies are all
multiples # of the reciprocal of the period g,

v=1/p. : (8

However, for Eqs. (4) and (3) to be valid, we must use
the Fourier integral where the function must be
aperiodic and of infinite period. The frequency analysis
for the Fourier integral then is in terms of a continuous
distribution rather than a discrete one, We are indebted
to J. S. Chandler of these Laboratories for suggesting a
method whereby the proper analysis could be made on
the analyzer. A series of curves of increasing period

" v lines/mm at 14"—> .
o) 1 10

LA L T T— T T
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3 2—~Edge™i2 = |
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0 1 i) l n L DS Tt
i 100 400 1000
v Imes/mm on Reting~—

f1e. 6. Fourier transforms of subjective image distribution
curves: curve 1, edge No. 11; curve 2, edge No. 12; curve 3,
alge No, 16.
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Fie. 7. Fourier transforms of object distribution curves:
curve 1, edge No. 11; curve 2, edge No. 12; curve 3, cdge No. 16.

were macle of cach of the edges and a harmonic analysis
was performed on cach. Although the analysis was
necessarily different for each curve in the series because

the periods were different; nevertheless, within the

range of the function itself, the different analyses of the
same curve are cquivalent.® In the limit of such a
process we approach the Fourier integral,® and the
experimental results show excellent agreement between
the ditferent harmonic analyses of the same function.
This can be scen from the transforms shown in Figs. 6
and 7. Tigure 6 shows the Fourier transforms of the
image of cach edge obtained in this way, and Fig. 7

sshows the transforms of the respective object curves.

The corresponding image and object transforms were
then used in Eq. (5) to determine |4 #(#){, the ampli-
tude function of the sine-wave response. These curves
are shown in Fig, 8. It can be seen that all of the object
and image transform curves approach zero at the higher

v lines/mm of 14"—

10
™
N i
»
=
i : |
4. o Edge#I2 *
* £dge” 16
2r o Edge# Il LI
e e %00

v lines/mm on Reting ~>

F16. 8. Sinc-wave response of the complete visual system:
squares, edge No. 11; open circles, edge No. 12; solid circles,
cdge No. 16. . :

 R. W. Ditchburn, Light (Intcrscience Puhh'ahers, Inc., New
York, 1953) p. 88.

1R, vlie, Advanced Ingineering Mathematics (McGraw-
Hill Book Company, Inc., New York, 1951), pp. 138-139,
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1. 9. Comparison of sine-wave response of complete visual
svstem (from present study) with those calculated from other
data for the optical system of the eye: open circles, present study;
solid triangle, from DeMott's spread function for an excised steer
eve; solid circles, from Flamant's spread function; open triangles,
from Stuliz and Zweig.

frequencics. Consequently, the sinc-wave response
data in this frequency range are subject to some un-
certainty and therefore where the response approachces
zero are difficult to determine.

DISCUSSION

The phenomenon reported by Mach shows great
promise as a means for establishing more definitely the
sine-wave response of the visual system, as well as for
evaluating other visual phenomena. The data reported
here are illustrative of the results which have been
obtained with lincar gradients, constant luminance
difference, and a fixed viewing distance. It is shown by
the curves of Fig. 8 that the sine-wave responsc de-
creases at low frequencies, that is, below approximately
1 line/mm in object space (at 14 in.) or 16 lines/mm on
the retina. This is generally verified if a series of sine-
wave test objects in this frequency range are viewed.
It is found that the response goes down as zero fre-
quency is approached. ‘

The differences between the sine-wave response curves

for the three edges used are probably due to errors in the
difficult photometric measurements. Because of these
inherent errors, it is felt that the degree of coincidence
of the three sine-wave response curves indicates that

LOWRY AND J. T.

DePALMA Vol 31
the spread function is approximately invariant when
the viewing distance is constant and adaptation does
not vary greatly. It is hoped that further investigation
will verify this relationship.

The data reported here do not agree with the sine-
wave response as calculated from the spread functions

~ determined by Flamant, by DeMott (for an excised

steer eye), and by Stultz and Zweig (see Fig. 9). Tt
scems quite evident that the difference in results,
especially at the low frequencies, is due to the fact that
the purcly physical approach disregards the physiolog-
ical response. Also, the information derived from the
sine-wave response curve, determined by the method
reported here, agrees well with other data, e.g., that the
resolving power of the visual system lies in the fre-
quency range of from 150 to 200 lines/mm on the retina,

Preliminary calculations of the phase function
[0:(»)—0c(»)] in Eq. (§) show that apparently the
asymmetry of the visual spread-function is small. Data
concerning phase will be included and discussed in a
later paper on the determination of the spread function
of the visual system from the sine-wave responsc curve
of Fig. 8. When this has been done it should be possible
to determine the contributions of both the physical
and physiological spread functions to the spread func-
tion of the cntire visual system. In this connection, it
appears likely that the physiological spread function
acts in somewhat the same fashion that an unsharp
mask does or that development effects do in the photo-
graphic process.

It should be noted [Eq. (5)] that the complete
specification of sinc-wave response requires a determina-
tion of any possible phase shift. This may be-additional
evidence that the reciprocal contrast sensitivity men-
tioned earlier is not truly sine-wave response because
the phase cannot be readily determined from measure-
ments of contrast sensitivity.
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Cocflicients of distortion cllipsoid:
v11=0.9565 yi2=—0.0256
v23=1.0826 vi= 0.0037
v33=1.0802 41 =—0.0018

The sphere in X1X2X; space (for source “C") and
the two distortion cllipsoids in X1X X' space for source
“1” and source “M”, respectively, are illustrated in

JOURNAL OF THE OPTICAL SOCIETY OF AMERICA

STILES AND G.

W. WYSZECKI Vol. 52
Figs. 8 1o 10 by a few contour lines. Tn these figures the
tristimulus values are renotated by more familiar
symbols, that is, X;=V, X,=X, X;=Z and X¢=1",
Xp=X', Xe=2'. As was to be expected, the distortion
of the reference sphere caused by changing from source
“CM 1o source “A" is considerably more cvident than
that caused by changing from source “C" to source

¢(A{i).

VOLUME 52, NUMBER 3 MARCH, 196}

Sine-Wave Response of the Visual System. IL Sine-Wave and Square-Wave
’ Contrast Sensitivity*}

J. J. DEParMA AND E. M. Lowry
Rescarch Laboralories, Eastman Kodak Company, Rochester, New Vork

(Received August 28, 1961)

Part T of this series described a method which yiclded the sinc-wave response of the complete visual
system by assuming that the Mach phenomenon is the result of a convolution, in the optical sense, of the
object luminance distribution with the cffective spread-function of the visual system. This second paper is
concerned with measuring the response of the visual system to sine-wave and square-wave spatial distribu-
tions using the threshold criterion of contrast. sensitivity. Particular emphasis is placed on the low spatial
frequencics, a region which is believed to be critically important in the mechanism of visual contrast phe-
nomena. Results strongly imply interaction of two basic mechanisms in the visual system. These mecha-
nisms may be characterized individually as a low-pass filter component (optical) and a high-pass filter

component (neural, chemical, electrical, etc.).

INTRODUCTION K
'THERE are several parameters which affect the
imaging characteristics and performance of the
visual system. Some of these parameters arc casily
measured and evaluated directly. Others, because of
their inaccessibility or complexity, must be evaluated
indirectly by empirical methods. With the advent of
the sine-wave response function as a relatively new
tool in the assessment of optical systems and its rather
elegant mathematical techniques for data transforma-
tion and extraction, it was felt that this new approach,
if successfylly applied, might yield quantitative infor-
mation about the visual system hitherto unavailable.
Part I of this serics! described a method which is
believed to yield the sinc-wave response of the complete

* Communication No. 2220 from the Kodak Rescarch Labora-
torics. Based in part on a paper given at the Pittsburgh Meeting
of the Optical Socicty of America, in March, 1961.

f A noteon p. 1441'in the December 1961 issue of the J. Opt. Soc.
Am., announced the decision of the ICO subcommittee for Image
Assessment Problems to change “what is at present known under
a variety of names, e.g., sine-wave response, {requency responsc,
contrast transfer, ctc.,” to “optical transfer function” when the
complex function (i.e., including phase) is intended, as it was in
Part 1 of this serics. The agreement also provides the term “modu-
lation transfer function” for use when phase is not pertinent, When
these nomenclature recommendations were adopted, this paper
was already in press. The new nomenclature will be adhered to in
any future papers.

(1;?1')M' Lowry and J. J. DePalma, J. Opt. Soc. Am. 51, 740

visual system by assuming that the luminance distribu-
tion perceived when viewing a diffuse-edge object
(Mach phenomenon) is the result of a convolution, in
the optical sense, of the object-luminance distribution
with the effective spread function of the complete
visual system. A specially designed, visual-slit photom-
eter was used to measure the perceived luminance
distribution. By application of Fourier analysis, this
distribution and the edsily measured, object-luminance
distribution were used to delermine the sinc-wave
response.

The sine-wave response function is based on supra-
threshold information, i.e., it is the normalized ratio
of the image to object modulation of component sinus-
oidal intensity waves as a function of the spatial fre-
quency of the sinc waves. Most data collected for the
visual system have, of necessity, been determined by
object-threshold techniques. Several investigators have
implied that it may be possible, by such threshold
measurements of sine-wave patterns, to determine the
sine-wave response. :

This second paper in this series is concerned with
measuring the response of the visual system to sine
waves and square waves by threshold techniques under
the same viewing conditions used in the earlier Mach
experiments. Particular emphasis is placed on the very
low spatial frequencies, a region which, in Part I, was
shown to be extremely important in the visual process
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.l from which a morc complete understanding of the
uaging characteristics of the visual system may be
g)()\.\iblt‘.

' PROCEDURE

Several investigators™$ bhave determined, in one
jorm or another, the sensitivity of the visual system to
Jpatial sine waves. Kelly? has recently determined the
sme correlde of this function.

As usually defined, contrast sensitivity is the con-
grast in the test object necessary for threshold percep-
ibility. In order to expand the classical definition of
contrast sensitivity to include periodicity in the test
object, use will be made of the following quantities:

Cr=threshold contrast of test object,
Buax=maximum luminance in testobject at threshold,
B..m= minimum luminance in test object at threshold,

T:=maximum transmittance in test object,

T.=minimum transmittance in test object,

Bo=sphere luminance (illuminance of test object),

Bl= BoT],

Be= BoTz,

By =veiling luminance,
yo=spatial frequency of test object (cycles/mm or
lines/mm),
v,=spatial frequency on the retina. (cycles/mm or
lines/mm),

M = magnification,

Po=object distance,

Pr=cflective image distance. . R

The defining equation for contrast sensitivity is

Bmax— Bmln
Bmsx‘l'Bmln'

When a sine-wave or square-wave tusi object is used
instead of the usual two-part juxt.posed photometric
ficld, these functions will then be cailed the sinc-wave
and square-wave contrast sensitivity, respectively.

A number of variables govern the results obtained
for these functions, among the most important of which
are: the test object itsclf; the luminance of the object;
the condition of visual adaptation; the viewing dis-
lance or accommodation; and the visual angle sub-
tended by the test field. In order to determine the
eifect of each of these parameters, thercfore, great care
must be exercised to maintain control over as many of
them as possible. Since in much of the work on sinc-
wave contrast sensitivity which has been reported in
the literature complete evaluation of the individual
contribution of these parameters was not attempted,
as, for example, in determining the change in sine-wave

1. W. H. Sclwyn, Phot. J. B88, 6 (1948).

30. H. Schade, J. Opt. Soc. Am. 46, 721 (1956). .

K. J. Roscnbruch, Optik 16, 135, (1959).

¥ G. Westheimer, J. Pl‘xysioi. 152, 67 (1960).

*S. Qoue, J. Appl. Phys. (Japan) 28, 531 (1959).
1D, 1, Kelly, . Opt. Soc. Am. 51, 422 (1961).

1
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T'16. 1. Schematic of instrument for measuring contrast sensilivity
for both sine-wave and square-wave Lest objects,

contrast sensitivity with accommodation, it seemed
advisable to make a further and more complete in-

vestigation of this function. Also, since results of the

carlicr investigation of the sine-wave response indicated
that so far as the visual mechanism is concerned the
region of very low spatial frequencies is of tonsiderable
importance, it was concluded that mecasurements in
this region should be stressed.

For the present experiments, a scries of large test
objects were prepared by R. L. Lamberts, of these
Laboratorics, in which the spatial frequencies (vo)
varied from 0.05 to 9.0 cycles or lines/mm. These test
objects consisted of two series. In one, the patterns
were sinusoidal and in the other, the light to dark
transitions were at a maximum, i.c., square wave, In
both of these patterns, the transmittance (and, con-
scquently, the luminance) varied in only one direction.

In investigating the cffect of the above-mentioned
paramclers, the sinc-wave and square-wave contrast
sensitivity is most uscfully expressed as a function of
the spatial frequency on the retina, »,. The spatial
frequency on the retina is computed from the spatial
frequency in the test object by the following simple
relationship:

V= Vo'l/M=Vo'Pn/P1. (2)

In calculating », for each test object and for each view-
ing situation, the usually accepted value® of 17 mm was
used as the cffective image distance P, that is, the
distance from the second nodal point of the eye lens
to the retina.

EXPERIMENTAL METHOD

The test objects were mounted in front of an inte-
grating hemisphere, Fig. 1, designed so that they could
be uniformly illuminated over a wide range of lumi-
nances and viewed at distances of up to 56 in. Light

8 It is rccognizcd that Py, the distance from the second nodal
point of the eye Icns to the retina, changes slightly with accommo-
dation (sce Helmholtz’s Physiological O ptics, Vol. 1, Opt. Soc. Am.,

v. 152; Gullstrand, loc. cit., p. 351, or Text-Book of Ophithalmology,

uke-Elder, Vol. 1, Chap. XVII), but since this relationship is
not known explicitly the authors have used 17 mm as has been
recommended (sce Committee on Colorimetry, Optical Society of
America, The Science of Color {Thomas Y. Crowell Company, New
York, 1953), p. 74.
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Taptr I. Contrast sensitivity for sinc-wave test object, constant luminance, 20 ft-1.; visual angle, 6°. vo=[requency in

cycles or lines/mm in object space. py={rcquency in cycles or lines/mm on reling.

10-in. viewing 14-in, viewing

35-in. viewing

56-in, viewing 10-ft viewing

Onj. distance distance distance distance distance
space Retina Retina Retina Relina Retina

¥ Ve T Ve T vr T Ve Cr Ve Cr
0.05 0.747 0.01120 1.046 0.0091 2.615 0.00:41 4,184 0.0043 8.965 0.0053
0.075 1.120 0.00682 1.569 0.0007 3.022 0.0027 6.275 0.0027 13.45 0.0040
0.15 2.2 0.00356 3.138 0.0036 7.844 0.0019 12.55 0.0025 20.89 0.0030
0.25 3.735 0.00308 5.229 0.0026 13.07 0.0019 20,92 0.0037 4482 0.0096
0.50 7471 0.00202 10.46 0.0034 20.15 0.0041 41.84 0.0096 89.05 0.0310
0.00 8.905 0.00289 12.55 0.0036 31.38 0.00060 50.20 0.0130 107.6 0.0350
0.80 11.95 0.00366 16.73 0.0038 41.84 0.0100 060.94 0.0230 143.4 0.1700
1.00 14.94 0.00906 20.92 0.0034 52.29 0.0130 83.67 0.0410 179.3 0.2740
1.20 17.93 0.01090 25.10 0.0047 62.75 0.0210 100.4 0.0600 e .-
1.60 23.91 0.01500 33.47 0.0033 83.07 0.0400 133.9 0.1120
1.80 26.89 0.01520 37.65 0.0100 94.13 0.0500 150.06 0.1590
240 35.80 0.02110 50.20 0.0180 125.5 0.1790 200.8 0.8410
2.80 41.84 0.02330 58.57 0.0240 146.4 0.3050 e ves
3.60 53.79 0.04570 75.30 0.0390 i AN
4.00 §9.76 0.05470 83.67 0.0500
5.00 7471 0.06430 104.6 0.1080
6.00 89.05 0.10900 125.5 0.1920
7.00 101.6 0.21600 146.4 0.2830

(2850°K) from the lamp Ly, which is mounted on the
end of an adjustable sleeve, illuminates the white in-
{erior of the hemisphere 1, and a sheet of finc-ground,
pot-opal glass 0. The opal glass forms the uniformly
Jluminous background against which the test object T7is
viewed by the observer E. At V is a variable square dia-
phragm by means of which the visual angle subtended at
the eye of the observer by the test object is controlled.
The observer views the test object through a veiling
Juminance provided by the lamp L (2850°K), the diffus-
ing screen D, and the partially transmitting mirror M.
The purpose of the veiling luminance is to control the
luminance of the test field at a fixed level for each series
of test objects and provide a means by which contrast
can be varied. A diaphragm at A and the screen S
shicld the observer’s cyes from direct light from the
diffusing screen and from any stray light which might
{nterfcre with adaptation. No artificial pupils were used
and other optics werc purposely omitted so that the
_observer looked directly at the test object. In making
an observation for threshold, the veiling-luminance

10y T T

CONTRAST _SENSITIVITY
SINE-WAVE TEST OBJECT

Constont keminonce 20 fi-L

s Viewing Visuot
I distonce angle
~ — 0" 5
g ndimae 3 6
5 e 35 6*
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3P0 nal ey (Lnes7mm on the rehno )
T1c. 2. Contrast sensitivity for sine-wave test objects as a function
of the retinal spatial frequency of the sine wave.

source is adjusted so that the luminance of the diffusing
screen D, as reflected from the mirror M, is approxi-
mately 20 ft-L. With the sphere J illuminated and the
test object T in place, neutral-density filters arc in-
serted over the aperture in the sphere to reduce the
Juminance until the test object is reduced to threshold
detectibility, as reported by the obscrver. The obscrver
then completes the luminance adjustment of the sphere
by making the necessary fine variations of the voltage
on the lamp Ly until threshold is reached. A check on
the total luminance is then made to ensure a value of
20 ft-L. A running control of all luminances through-
out the sequence of operations is kept with a modificd
Macbeth illuminometer. At this point, lamp L is moved
toward or away from the diffusing screen D, as required
to maintain a total luminance of 20 ft-L, and the ob-
server readjusts the voltage on lamp Ly for threshold.
When a setting for threshold, i.e., disappearance of the
pattern, has been completed, illuminometer readings
are made of both the veiling luminance Byy, and the
sphere luminance Bo.

CONTRAST SENSITIVITY
SINE=WAVE TEST OBJECT e
Constont fuminance 20 f-L

Viewing Visuol
distance angle
———————— D' 6*
e 4" 6°
e 35" 6*
...... 56" & . A
seseem [Of 1240

L PUPIPPPY SO D Y WP
00

:
8

¥ Spofiol frequency {Lines/mm in cbiect spoce)

Fro. 3. Contrast sensitivity for sine-wave test objecis asa function
of the spatial frequency of the sine wave in object space.
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Faprk T1, Contrast sensitivity for squarc-wave test object, constant luminance, 20 fi-1; visual angle, 6%, vo=frequency

in cycles or lines/mm in object space. ve=[requency in cycles or lines/mm on retina.

10-in, vicwing 14-in, viewing

35-in. viewing 56-in. viewing

Ohj. distance distance distance distance

et Retina Retina Retina Retina

“oe ve Cr vr Cr vy Cr vr Cr
(103 0.747 0.0026 1.046 0.0020 2.615 0.0025 4.184 0.0010
0A7A 1.120 0.0028 1.569 0.0023 3,922 0.0024 0.275 0.0017
010 Ve s 2.092 0.0020 5.229° 0.0021 8.367 0.0015
0,125 N T e vee 6.537 0.0021 10.46 0.0015
0.13 2.241 0.00t7 3.138 0.0018 7.844 0.0017 12.55 0.0015
0173 v res e vee 9.15¢ 0.002t 14.64 0.0023
0.20 16,73 0.0022
.38 3.735 0.0019 5.229 0.0016 13.07 0.0024 20.92 0.0031
0,30 fee v see oo 15.69 0.0027 25.10 0.0035
0373 7.844 0.0018
0.50 7471 0.0019 10.46 0.0019 26,153 0.0037
0.625 9.338 0.0028 13.07 0.0023 32.68 0.0056
073 11.21 0.0026 15.69 0.0033 e e
0.875 45.76 0.0110

100 14.94 0.0030 20,92 0.0041 52.29 0.0140

1.25 18.68 0.0093 26.15 0.0080 65.37 0.0230

1.30 - 24 0.0130 3138 0.0086 78.44 0.0310
2.50 37.40 0.0230 52.29 0.0310 130.7 0.1620
3.00 44.80 0.0480 62.75 0.05350 een (XX see
140 50.76 0.0770 83.07 0.1140 “ae e e

00 7471 - 0.1680 104.6 0.2340 o ve- e
600 89.65 0.2680 125.5 0.5060

7.00 e vee 146.4 0.9320
800 119.5 0.5500 ces e
9.00 134.5 0.7350

By using the data previously obtained from micro-
densitometer measurements of - the maximum trans-
mittance 7', and minimum transmittance T of the
sine-wave and square-wave test objects, as well as the
sphere luminance By at threshold, with the test objects
removed, the values By and B; are casily calculated.
These values, together with the veiling luminance By,
were then used to determine the threshold contrast by
substituting into Eq. (1):

Bnax— Bmin_ (B1+Bvi)— (Be+Byy)

o @
Bumax+Bnin  (Bi+Byr)+ (Be+Byy)
B,— B,
e a———— 4)
Bi+B:+2By,,

Table T contains the data on contrast sensitivity so
obtained for sine-wave test objects viewed at distances
of 10, 14, 35, and 56 in., respectively, with a constant
visual angle of 6° and a constant field luminance of
20 {t-L. A slight modification of the apparatus in Fig. 1
increased the viewing distance to 10 ft, although be-
cause of the size of available test objects the visual
angle subtended at the eye by the test object in this
case was reduced to 1° 40/, '

The data in Table I are shown in Fig. 2, in which the
threshold contrast is plotted as a function of the
spatial frequency of the sinc wave on the retina (v,).
Figure 3 also presents data from Table I, but in this
graph threshold contrast is plotted as a function of the
object spatial frequency »e.

Table II contains the data on contrast sensitivity
for squarc-wave test objects and Tigs. 4 and S are
graphs of these data in which the threshold contrast has
been plotted as a function of », and v, respectively.

RESULTS AND DISCUSSION

Inspection of the curves in Tig, 2 reveals that for all
viewing distances maximum contrast sensitivity occurs
at frequencies in the necighborhood of 10 lines/mm on
the retina and that contrast sensitivity decreases
(higher threshold) for both lower and higher spatial
frequencies. It is also scen that as the viewing distance
is increased the threshold contrast, in general, decreases
for any spatial frequency higher than the minimum.
Perhaps of more significance is that just the reverse

ey I |.J’,r.} T 3
/i ‘

CONTRAST SENSITMITY
SQUARE~WAVE TEST OBJECT

Conston! minance 20 ft-L
Vig Visual
Q- :sisk)‘\tlw:"z7 angle

P ] '

.,

armo |4: &
Seavanigt

]

et aas gt

L ° 00
¥ Spatid frequency (Lines/mm on the retino )

F16. 4. Contrast sensitivity for square-wave test objects as a func-
tion of the retinal spatial frequency of the square wave.
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GONTRAST SENSTMTY -3
SQUARE-WAVE TEST OSJECT

Constont Juminonce - 20 H-L

Threshoid contrast (Copd
o

Viewing Visuol
distance ongls
o
......... % & -4
— 35'
., [
O,
.
\\
S {
1 L L ! taa
] al o [] 09

v Spafiol frequency (Lines /mm in object spoce)

F1c. 5. Contrast sensitivity for square-wave test objects as a func-
tion of the spatial frequency of the square wave in object space.

is true as zero frequency is approached from the mini-
mum. This result is also in basic agrcement with the
data reported in Part I of this series,! that is, that the
sine-wave response of the visual system decrcases at
the lower frequencies as well as at the higher frequen-
cies. The maximum response to sine waves, as deter-
mined by using the Mach phenomenon method, was
shown to be around 15 lines/mm on the retina, with a
similar decrease in response at both higher and lower
frequencies.

It is interesting to observe in some of the curves of
these figures the rather unusual behavior of contrast
sensitivity (Cr) in the middle-frequency range. Whether
these humps are artifacts caused by something in the
experimental technique or are real cannot be ascer-
tained at present. However, since they correspond
more or less to the dip in the sine-wave response curve
obtained by the Mach phenomenon, they may possibly
be attributed to some factor in the visual system which
is critically operative when the eye is accommodated
for reasonably near vision. It is hoped that further
experimental data will verify the existence of this de-
viation from the smooth curve.

Figure 3 also presents data from Table I, but in this
case the threshold contrast is plotted as a function of
the spatial frequency in object space, vo. When plotted
in this system of coordinates, the order of arrangement
of the curves is scen to be reversed from that of Fig. 1
since, regardless of the viewing distance, the frequency
in object space, of course, remains constant. For ex-
ample, if the sine-wave test object of frequency 1
cycle/mm is viewed, the threshold contrast required is
highest for a viewing distance of 10 ft and lower for
each of the other distances in descending order, except
for the 10-in. distance. The hump in the-curve for 10 in.
is more exaggerated than in the one for 14 in. and,
accordingly, reverses the order of threshold contrast
over a limited frequency range. In other respects, the
curves portray the same facts as those of Fig. 2, that
is, that contrast sensitivity decreases for both high and
Jow frequencies with the minimum required contrast

AND T, M.

LOWRY Vul. 5

(maximum sensitivity) in the frequency range of oy,
0.1 to about 0.6 cycle or line/mm.

As was the casc for the sinc-wave test objects, Fie.
4 and 5 show that the sqquare-wave contrast-sensitivin
curves also demonstrale a decrease in sensitivity g
both high and low frequencies. However, in the case ¢
squarc-wave test objects, the contrasts necessary {o;
pereeptibility in the low-frequency range are mucs
lower than for the sine waves. Close examination of 1)
curves for sine-wave and square-wave test objects
reveals a very interesting result, In using this threshai
¢riterion, it is found that while the visibility of very
coarse square waves Is better than that of sine waves I
the same coarsencss, just the reverse is true in the high.
frequency region. This effect is illustrated for the 14-in.
viewing distance in Fig. 6. In this figure it is seen that
the limit of resolution for the square wave is about 130
lines or cycles/mm, whereas that for the sine wave is
about 200 lines or cycles/mm. A possible explanation
of this effect is that, in the threshold criterion for de-
tectibility of the periodic pattern, the judgment of the
very coarse patterns is influenced by the effect of the
spatial contour of the lest objects on their apparent
conlrast, whereas the judgment of the very fine pattem
tends to be made on the basis of the separation of the
lines and spaces, that is, resolution. There is ample
evidence that this process is involved when one looks
at these test objects. For a very fine pattern, say, §
lines or cycles/mm (v,=167), the line-space ratio for
the sine wave is much greater than the line-space ratio
of a squarc wave. As scen visually, the line-space ratio
of the square wave is nearly 1.0, while that Tor the sine
wave is about 2.0. This certainly suggests that a higher-
frequency sine wave will be visible, and this is borne ouf
by the data in Fig. 6.

Throughout this general study of the sine-wave re-
sponse and contrast sensitivity of the visual system,
we have stressed the point that these functions arc
dependent on several parameters. Although to most
workers in this field this statement is obvious, neverthe-
less there are numerous examples in the literature where

7
y

e T v

CONTRAST SENSITIMITY
Viewing distonca 14"

Constant uminonce 20 fi-L

Sine-wave l2st objec!
- *esm=s=c Squore-wave fest object

(1] w L4 L) 000
¥ Spolidl fraquency (Lines /mm on the retina )

Fic. 6. Comparison of contrast sensitivity for sine-wave and
square-wave spatial distributions taken for the same viewing
condilions.
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tis important fact has been neglected. Therefore, it
must be cmphasized that in evaluating or assessing the
appearance of a particular vbject-intensity distribution
v means of experimentally determined response char-
.cteristivs of the visual system, care must be taken that
the various object parameters, such as luminance,
viewing distance, visual angle, ctc., correspond Lo those
jor which the visual function was determined. That is
(o say, the viewing situation must be accurately known
and controlled in any particular evaluation where the
Luman observer is an integral part, if meaningful re-
«ulis are to be obtained. It has been noted, for example,
(hat the visual function changes when the test objects
are viewed at different distances. In many cascs in the
literature visual evaluations of objects under one level
of illumination have been made with a visual function
derived under a different level of illumination. Also, the
appearance of objects viewed naturally are often in-
discriminately assessed by means of a visual function
obtained with an artificiat pupil. Results of such experi-
ments have led in some cases to erroncous conclusions.
Many investigations of the response characteristics of
the visual system specify the dependent variable
(usually threshold contrast) as a function of the scpa-
ration of two object elements expressed in terms of
visual angle (analog of spatial frequency vo). We have
seen that this function is not unique because a variety
of contrasts may be obtained for any one particylar
visual angle, depending on the distance from which the
object is- viewed. In such cases, the accommodation
parameter must be controlled and specified.

A further defense of this point of view may be found
in the data of Table III, shown plotted in the curves
of Fig. 7. Here the sine-wave contrast sensitivity is
shown for two different test-object luminance levels,
namely, 20 and 300 ft-L. The curves indicate that
visibility of the sine waves in the frequency range
from about »,=8—260 lines or cycles/mm is greater
for the higher luminance level, whereas it is lower for
spatial frequencies less than 8 lines or cycles/mm. The

Tanie III. Contrast sensitivity for sine-wave test o})jcct, view-
ing distance, 35 in.; visual angle, 6° wo=frequency in cycles or
lines/mm in object space. »,=frequency in cycles or lines/mm on
retina.

Obj. space Retina Cr

¥ Ve 20 {t-L 300 -1,
0.05 2.615 0.0041 0.00477
0.075 3.922 0.0027 ,  0.00289
0.15 7.844 0.0019 -0.00173
0.25 13.07 0.0019 0.00136
0.50 26.15 0.0041 0.00193
0.60 31.38 0.0066 0,00275
0.80 41.84 0.0100 0.003935
1.00 52.29 0.0130 0.00522
1,20 62.75 0.0210 0.00627
1.60 83.67 0.0400 0.01240
1.80 94.13 0.0500 0.02300
240 125.5 0.1790 0.03530
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CONTRAST SENSITMITY i
SINE-WAVE TEST ORWECT i
- Viewing distonco - 35" {
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'g wemsees  u = 300M-L
1 al caned b
T 0 © 00 )

v Spatial frequency (fines/mm on reting)

Fi6. 7. Contrast sensitivity for sine-wave test
. objects taken at two luminance levels.

most likely explanation for the decrease in threshold
contrast at the higher frequencies for the 300-{t-1. con-
dition may probably be deduced from the optics of the
cye. The pupil diameter for 300 {t-L has been found to
be approximately 2.3 mm,? while that for the 20 ft-L is
3.3 mm. The former condition will be less subject to
image degradation than the latter, owing to reduction
in the aberrations and an increase in depth of focus.®
Hence, the sine waves should be imaged with greater
fidelity at the higher luminance. No such simple ex-
planation for those frequencies below 8 lines or cycles/
mm seems possible as yet, no doubt because the answer
involves the higher-order perceptual mechanisms of
the human observer.

It will be noticed from an inspection of all of the
curves in which threshold contrast is plotted as a
function of spatial frequency that maximum sensitivity
is somewhat higher (Jower threshold contrast) than that
normally quoted and recognized for the least-percep-
tible difference in luminance. FFor example, the mini-
mum required contrast for cither sine-wave or square-
wave test objects is of the order of 0.002, which is
lower than the value of 0.01 to 0.015 usually accepted
for sensitivity to luminance differences. Several factors
in the present situation contribute to the Jower thresh-
old. The most obvious factor is the difference in the
definition of contrast sensitivity or luminance discrimi-
nation which is usually specified as AB/B, where AB
is the increment in juminance which is just perceptible
at the luminance level B, and B is equal to the mean
luminance of the two contrasting fields at threshold, i.e.,

anx+Bmln
B=—"t T (5)

2
Thus:
- AB anx—Bmin
by o5 ©)
B anx+Bmin

2

~*J. W. T. Walsh, Phatomeiry (Constable and Company Ltd.,
London, 1953), p. 54.
© P, W, Cobb, Am. J, Physiol. 36, 335 (1915).
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T1G. 8. Limit of resolution of the visual system as a function
of viewing distance for both square-wave and sine-wave tesl
objects. (Luminance, 20 ft-1..)

Therefore, the classical method of determining contrast
sensitivity introduces a factor of 2, which itselfl gives a
value twice as greal as the one we find. Both Schad¢?
and Oouc® have used Eq. (6) as their defining equation
for sine-wave contrast sensitivity. Another {actor con-
tributing to the lower threshold value which we report
is our usc of a large test-ficld angle, namely, 6°, whercas
most luminance-discrimination data'* are taken for
much smaller field angles. It has been shown by Crozier
and Holway!®> that the percent error of Iuminance
matching decreases as field size increases. g

Perhaps the most important factor contributing to
the lower threshold is related to the criterion of the
photometric threshold measurement. In the present
case, judgments are based on the disappearance of any
contrasting pattern in the visual ficld as opposed to the
usual equality of brightness criterion adopted for most
photometric work which uses a bipartite ficld. As long
ago as 1889, Lummer and Brodhun'® advocated the

use of equality of brightuess contrast rather than equalily
" of brightness for photometry, and they published data
to show that the precision of measurement so obtained
could be greatly increased. Later, Pfund* developed a
contrast type of photometric prism with which he ob-
tained a scnsitivity of 0.0048 compared to that of
0.019 for an cquality-of-brightness method.

Most evaluations of the response characteristics of
the visual system have in the past been based on the
limit of resolution, which itself of course is a threshold
measurement. It is evident that the limit of resolution
or resolving power of the visual system is just one point
on the sine-wave or square-wave contrast-sensitivity

18171 I(Zwls\g) Lowry, J. Soc. Motion Picture Television Engrs. 57,
BW. J. Crozier and A. H. Holway, J. Gen. Physiol. 23, 101

(1939-40).

(1‘8'8('9)j Lummer and E. Brodhun, Instrumentenkunde 9, 461
4 A.'H. Plund, Phys. Rev. 4, 477 (1914).
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TaBLE IV. Eifeet of viewing distance on the limit of
resolution, constant luminance, 20 ft-1L.

Limit of resolution, cycles or lines/mm for

Sine-wave lest object  Squarc-wave Lest object

Viewing On the In object On the In object
distance retina space reting space
(inclics) vr vo vr o
10 155 10.4 145 0.71
14 193 9,23 150 747
35 215 411 210 4.02
56 225 2.69 e e
120 250 1.39

curve. Again, we sce that the limit of resolution (with
no arlificial pupils and no interposed optics) is a func-
tion of (he viewing distance and luminance level. The
limit of resolution as used here refers to that spatial
frequency in lines or cycles/mm which is just imper-
ceptible at the maximum object contrast, namely, 1.0.
When the curves of Figs. 2-5 are extrapolated slightly,
as shown by the dotted lines, it is possible not only to
obtain the values of the limit of resolution of the visual

system in cycles or lines/mm on the retina or in object -

space but also to determine how the resolution limit
changes with viewing distance. Table IV shows the
limit of resolution determined in this manner for differ-
ent viewing distances for both sine-wave and square-
wave test objects, when the luminance is maintained
constant at 20 ft-L. These data are plotted and shown
in Fig. 8. It is at once evident from the curves that the
limit of resolution of the visual system falls at higher
retinal frequencies as the viewing distance is increased,
regardless of the type of test-object used. This scems
to be in basic agreement with some of the work reported
by Freeiman,*® by Luckicsh and Moss,!® and by others,
that visual acuity incrcases with stimulus distance.
Most of their work involved the bar type of test object
with no periodicity, although in some of the experi-
ments by Luckicsh and Moss periodic bar patterns
were used, These workers attributed part of this change
of acuity with viewing distance to the fact that the
pupil is changing with accommodation. Other factors
which have been suggested as possible reasons for this
change scem to be minor compared to the factor of
accommodation itsclf. Contrast diminution and ob-
ject distortion would of course be expected to be higher
for an eye lens broadened for near vision than the
thinner lens for distant vision.

It is seen also from the curves of Fig. 8 that for the
viewing conditions of this experiment the limit of reso-
lution as a function of viewing distance is higher for
sine-wave test objects than for square-wave test objects,
a partial explanation for which was given earlier.

8 ., Freeman, J. Opt. Soc. Am. 22, 285 (1932).
10 M, Luckiesh and F. K, Moss, J. Opt. Soc. Am. 23, 25 (1933),
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March 1962 SINE-WAVE RESPONSE

CONCLUSIONS

1t has been shown that, using the criterion of Cy, the
conlrast sensitivity of the visual system to sine waves
i-a function of the spatial frequency of the sine wave
and has a maximum scusitivity at about »,=7-—15
cycles or lines/mm, depending on the viewing condi-
don. From this maximum (minimum Cy), the scnsi-
tivity to sinc waves decreases for spatial frequencies
toth higher and lower than this. The same gencral
relationships hold for the contrast sensitivity of the
visual system 1o square waves, although there are some
important differences of degree as explained previously.

As has been mentioned carlier in this paper and also
in Part T, other determinations have been made of Cr.
In the earlier work reported in the literature in which
a pattern of multiple bars or of just two or three bars
was used, there secems 1o be no indication of the de-
crease in contrast semsitivity at low {requencies or
large scparation of the bars, So far as the authors have
been able to ascertain, the first concerted determination
of the threshold contrast using sine-wave distributions
was conducted by Selwyn,? and the first hint of the
decrease in sine-wave contrast sensitivity at the low
frequencics can be scen in Fig. 5 of his paper on visual
resolving power. Rosenbruch® made an extensive study
of both sine-wave and square-wave contrast sensitivity,
but none of his data show this low-frequency decrease.
Schade® and Ooue® (who followed the lead of Schadc)
do show this decrease for the sinc-wave distributions
and the data reported in our study arc in quite good
agreement with theirs. Westheimer® has followed a
similar approach but has not obtained the decrease at
the low frequencies.

OF VISUAL SYSTEM. II 335

In several of the determinations mentioned, two or
three of the paramelers aficcting the threshold were
allowed to vary. In some, artilicial pupils were used to
obtain the “perfect lens” condition. In others, the ac-
commodation parameter was not evaluated,

In conclusion, there seems to be little doubt from the
results of Part I and {from thosc of this study that any
analysis of the imaging and image-transfer mechanism
of the compleie visual system must have as its basis
both a high-pass and a low-pass filler componcent,
somehow acting in concert. The maximum response Lo
sine waves at retinal frequencies of about 7-135 lines or

cycles/mm and the subsequent decline in response for

higher and lower frequencies strongly suggest the in-
teraction of two basic mechanisms. The simplest and
most logical explanation scems to be that the Jow-pass
component is associated with the optlics of the eye,
which includes eye lens, ocular media, pupil diameter,
and retinal diffusion. For one specific visual condition,
Flamant? has experimentally determined this compo-
nent. Evaluation of its sinc-wave response character-
istics! show it to behave as one would expect any
simple optical system te behave, ic., maximum re-
sponse at zero {requency and gradual decline in re-
sponse as the spatial frequency increases. The high-
pass component of the visual system, which is pre-
sumably responsible for the Mach phenomenon and
other visual-contrast phenomena, appears to be inti-
mately related to the inhibitory processes taking place
from the retina back to the brain and is no doubt com-
posed of a complexity of interrclated mechanisms—
neural, chemical, clectrical, and psychological.

17 F, Flamant, Rev. opt. 34, 433 (1954).
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: 6 December 1968
4

SCHEDULE OF EVENTS

Scale 3X to 30X zoom lens design to 3X to 45X
or 50X, maintaining a good resolution at 3X.

Vacation

Optimization of 3X to 50X lens design.

Lens evaluatiomn.

Correct back focal distance of lens design.

Light source and optical design of illuminator
condensing lens design.

Package and mechanical layout of zoom lens and
illuminator assemblies into the present NOD/100
Viewer.

Cost estimate to complete the design and manufacturing
of the new optical systems and modify and test the
present NOD/100 Viewer.

Revise the present NOD/120 Viewer requirements to
be compatible with the modified NOD/100 Viewer
performance.

Zfiscritical milestone which must be met in order for the program to proceed,

Approved For Release 2005/05/02 : CIA-RDP78B04770A001900020032-6
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In January of 1968, a status report 8Y12) was submitted which defined 25X1
the characteristics of the two NOD-1IU zoom lenses. This report indicated

that the predicted performance of the high magnification lens (24X to 70X)

would essentially meet the resolution requircments.

The low magnification (3X to 30X) lens predicted performance showed that it

too would meet the axial resolution requirement. However, the predicted
performance at the screen edge was considerably below that required. Since

good resolution at the screen cdge at low magnification is needed for operational
acceptance, further work had to be done.

After reviewing the prior effort and analyzing the results in detail, it was
determined that the first order solution would have to be modified. The
modified first order solution included the addition of a positive auxiliary
element. Also, in the optimization, greater emphasis was placed on the low
magnification off-axis imagery. The initial results proved to be encouraging
as substantial off-axis improvement was made. Despite the emphasis on the low
magnification/off-axis imagery, both the on-axis and higher magnification
imagery remained excellent. There was only one problem., The physical size
of the lens, both diameter and length, was excessively large. This would
-preclude housing the lens within the specified NOD-110 envelope and also
leave no space for the high magnification lens.

~ Based on a system analysis, it was concluded that if the lens could be scaled

down to 0.85 of its size, it would meet the physical size requirement., This
was done and continued optimization of the scaled-down lens showed further
improvement.

Further optimization was continued until the design appeared to meet the total
requirements. At this point an evaluation run was conducted. The results of
the evaluation are included in this report., Predicted resolution is shown in
Figures 1 and 2. Modulation transfer funotion curves are shown in Figures 3
through 12, Phase data are also_included in Figures 13 through 17. Both
monochromatic data (at A = 5461 A) and heterchromatic data (the summation of
four wavelengths, (A7 = 5461 &, Ao = 5876A, A3,= 4861 & and A4 = 6563 £)
are plotted for each magnification.

The negative auxiliary lens was not included in'the evaluation. Experience on
this program, as well as the NOD-100 and others, has shown that a well corrected
negative auxiliary lens produces very little, if any, degradation. It will,
however, be included in the final system.

The enclosed MIF curves are, of course, theoretical. In actual practice

both the effects of minor imperfections, as well as the degradation caused

by other system elements (such as screen) must be considered. As the resolution

is increased the MIT of each of the system elements becomes more critical.

It is anticipated that the final system performance will equal, or slightly

exceed, that depicted in the data presented byl 25X1
| in a meeting on 19 March 1968.
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"Screen Brightness

A preliminary analysis of the NOD-110 screen brightness'hés.been.made to
determine the amount of screen brightness, both on axis and edge.of field,
that will be provided. ' ‘

The axial screen brightness in foot lamberts is determined from the‘expressions:

Bs = ————“F?;g)z y w48 LNGTH
Where Bg - = OScreen brightness in foot lamberts

B = Source brightness in caudles/foot2
. t = Transmittance of optical system

G .=  Screen gain ' , -

M = Magnification of projection optical'system

F/NO = Effective F-number of Projection system
The following numerical values were used to‘determiﬁeithe-séreen brigﬁtﬁess:

B = 13 x 106 candles/foot2
t = 0.015 including the 1.5 neutral density filter
G = 2,0 W) 1S6G@®  GANR p NOD 0

The value for source brightness of 13 x 106 candles/foot2 is for a Hanovia
DL-5064~000 custom made 2500 watt Xenon lamp made by Osram., The transmittance
of 0.015 includes a 1,5 neutral density filter in the film gate, and the
screen gain of 2.0 is for the Polacoat LS 60 screen material. -The predicted
axial scregn brightness, using these numerical values, will be ag.plotted in
Figure 18," Included also is a family of screen brightness curves for"
different density filters between 1.0 and 1.5, ' .

In the design of a Kohler type condenser lens system for a projection lens,
 the image of the source should fill the projection lens entrance pupill for
maximum condenser lens efficiency. The condenser lens must also be large
enough to illuminate the film format completely. It becomes coneiderably
more complicated to design a condenser lens for a zoom projection lens where
the entrance pupil varies in both location and diameter with magnification.

In addition, the physical dimensions of the radiating source are critical.

If the source is small, the magnification of the condenser lens must be large,
requiring a large condenser lens numerical aperture, This is especially true
at low magnifications when the entire film format must be illuminated.

% These predictions are accurate to + 20%.

Approved For Release 2005/05/02 : CIA-RDP78_BO477QA00190002(_)_932-6
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Until considerable progress on the design of the NOD-110 condenser lens has
been made, the screen brightness predictions are being made using the long
arc custom made Osram lamp to ensure that the lens entrarce pupils are filled
,at all magnifications. Consideration of higher wattage Xenon lamps, which
“have greater brightness as well as larger arc lengths, will also be made.

In the calculations for screen brightness, consideration was made for high
efficiency coatings for all air~-glass surfaces, including the condenser lens
surfaces, High efficiency reflectance for mirrors was also considered,
resulting in an overall optical transmittance of 50 percent (without the
neutral density filter). ' '

The screen brightness will not vary more than ten percent when measured’

along an axis which is always pointing to the -pupil of the projection lens, ¥*
Any deviation from this axis will reduce the brightness by an amount which’

is characteristic of the screen material, where the gain varies.with the

bend angle. In the case of Polacoat LS 60, the gain varies from 2,0 at zero
bend angle to a gain of 1.0 at approximately 25 degrees bend angle.. Thus,

the brightness will be reduced by one-half at a bend angle of 25ndégrees.

The attached page from the SMPTE Journal is included to‘illustraté_ the
effects of off-axis brightness, '

*% It should be understood that at low magnification there will be vignetting
at the corners. o "
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Fig. 1. Brightness distribution lobe for
sereen gain of 3.0,

The behavior of a typical rear pro-
jection screen is illustrated in TFig. 1.
This figure shows a projector, a screen
and three obscrvers. A light ray is shown

., incident upon the screcn at point A,
. Continuation of the line representing the

incident ray establishes the “principal
axis™ of the diffusion lobe. The incident

“light ray, partially diffused by the screen,

spreads symmetrically about the princi-
pal axis. The incident light was arbi-
trarily adjusted to 10 fi-c to obtain the
measured data in Fig. 1, The observed
brightness of point 1 from any direction
is indicated by the length of the arrow.
Arrows arc shown 10° apart, Obscrver 1,
located on the principal axis, will per-
ceive point 4 to have a brightness of
30 ft-L. Peak screen gain is therefore 3.0,
the ratio of footlamberts to incident
foat-candles. The brightness for ob-
servers 2 and 3 will be less than the peak
since they are located ofl the principal
axis. Any light reaching observers 2 and
3 must deviate from the principal axis by

. an angle determined by the position of
* the observer with respect to the principal

axis. This_ancle is the “bend angie.”
The bend angle, therclore, depends upon
the position of the observer with respect
w the principal axis in question. The
diffusion characteristics of severa! sereens
are shown in Fig. 2. Gain is plotted as a
function of bend anzle. The cUrVes were
obtained by measurement of actual
practical screens.

Transmission, Diffusion and Reflection

One of the objcctives in screen manu-

facturing is to sclect materials with a

Appréted For Release 2005/05/02 :

Fig. 2. Scrcen gain

at various bend
angles for several
typical screens,

good light transmission capability to
hold absorption losses to a minimum.

(Transmission has been used for many

years to specify rear-projection screens;
however, it is not a good index of per-

formance, nor does it provide reliable .

information regarding the gain of the
screen or its brightness distribution.
- One method of manufacturing a rear-
Projection screen consists of spraying a
clear cthyl cellalose or similar material
onto a flat backing untl the thickness is
adequate for mechanical strength, Alter
the coating has set, it is penled off the
backing, trimmed to size, und reinforced .
at the edges with tape and ‘grommets.
While the plastic material is clear, the
two surfaces are rough (us a glass which is
ground on both faces). The roughened
surfaces provide a moderate diffusion of
light with high transmission (85 ~ 9G%). .
The degree of difTusion produced by this
“technique is limited, and for most pur-
poses  greater diffusion is required.”
The addition of white or othet diffusing
plgment to the liquid ethyl cellulose re-
sults in greater diffusion of the light, and
also increascs reflection. ‘
It is important to note that diffusion
provided by a clear plastic material,
with rough surfaces, is caused by a change
of dircction of a light ray at cach surface
duc to the relative incident and exit
angles, and the refraction index of the
plastic,. There are littde or no internal
refinctions, "Uhis type of seveen is, there-
fore, non-depolarizing and can be uscd
with polarized light, as in three-dimen-
sional projection. The addition of white
pigment to increuse diffusion causcs de-

BEND ANGLE.- DEGREES

polarization and, ‘makes the sereen ime
possible to use with polarized light.

As more pigment is used, the reflection
factor and diffusion are inerensed and the
trgmsmission. is correspondingty recduced.
At onc point, refiection-and wansmission
are cqual and the scrcen iy be viewed
cqually well from eitier side, Further
addition .'of white pigment results in a
white sereen for fran L projection.

Another lechnigis of sfreen_many-
facture consists of coating one side of a
clear substrate, such- as glass, Plexiglas,
or flexible plastic, With i suitible dif-
“fusing . layer. The diffusimr layer is a
pigmented - caryicr consisting of resing
and solvent.” The pigment may be _any
fincly ground material having a different
(generally - higher). index of refraction
than the cairier,” High-index ground
glass, titanium dioxide and stmilar mate-
rials have Been used. The technique of
¢oating only ope side of a tfansparent
backing' is particularly cffective in ob-
taining the fin¢ grain and high resolition
required for véry sinall sciceris,

Ligure of AMerit ‘

The wide variety of materials and. dif-
fusion * techniques emiployed in sareen
manufacture produces sereens of varying
quality. The question acises, “1Tow can
the quality of one sgreen e compared
o the quality of another?™ Sinee the
primary p\irposc_:..'o(,n 'rcnr-l)1'0_}('(:{5-11\
sereen is to'cause diflusion with mininin
light loss, the bend angle that_can_ iy
.attained bhefore thC*_!“"'Z{il{—h:t:x' fallen o
’_: '::“: CConstinges urxll:n‘:'.::xu‘lc i
“quality, or “figure of merit,” T
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Optically Compensated Zoom Lens

25X1

Investigation of the thin lens theory of zoom lenses
results in a general statement concerning conjugate
points, a simple proof of the maximum number of
crossing points, and an algorithm for computing com-
ponent focal lengths of afive-component symmetrical
zoom lens, The three~component optically compen-
sated zoom lens is discussed in detail. Results of
applying the algorithm are given. A prototype of the
five -component zoom lens has beenbuilt and is briefly
discussed.

-1-
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INTRODUCTION

The thin lens treatment of the optically compensated zoom lens will be introduced by considering
systems symmetrical about the mid-travel position, that is, systems of magnification range M
hounded at M‘j/ 2 and Ml/z. Further, only components participating in the zoom effect are con-
sidered, since components redundant to the effect transform fixed conjugates and may be sepa-
rately treated by conventional means. Such exclusion leads additionally to a useful clarity of
nomenclature and predictability of behavior,

“The simplest zoom lens consists of a single component operating as shown in figure 1A.. This
system has two crossings; that is, the distance from object to image is the same at two magni-
fications. Also, there are two finite variable air spaces. Ignoring redundant components, it is
clear that the next system in order of complexity (figure 1B) contains three components and four
finite variable air spaces. In general, any zoom system as defined will have an odd number of
components and even number of variable air spaces.

NIUMBER OF CROSSING POINTS

it is next of interest to determine the maximum number of crossings possible, to extend consider-
ation to the non-symmetrical case including infinite conjugates, and to include the case of linear
compensation. The matrix method for paraxial rays is useful for this purpose.

The three-component zoom lens can be represented as in figure 2. The matrix method shows
«learly that the number of possible crossing points is directly associated with the number of
variable air spaces. The matrix for this system can be expressed as follows:

1 —-t0 1 0 1 —tl 1 0 1 —tz 1 0 1 -t3 B D
0 1' A1 1 0 1 AZ 1 0 1 A3 1 0 1 A C
where A%_ = 1s 1
Az = 1, 1,,
~\3 = 1 13

Approved For Release 2005/05/02 : %I—A-RDP7SBO4770A001900020032-6
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When t0 and t3 are conjugate distances, then D in the matrix is equal to zero. Consider a
movement of lenses fl and f3 of an amount A. The spacings become to + A, t1 - A t2 + A
and t3 - A . For how many values of A may D = 0? The algebra is greatly simplified if only
the maximum power of A is retained in the matrix multiplication. Then the spacing matrix

1 -t +4 1 A 1 0

can be written as . The power matrix can be written as
0 1 0 1 A 1
1 0

when the powers of A are retained. 1 In multiplication only the maximum power of
1 1

A is to be retained,

1 A 1 0 1+ A A A A
S0 = —

0 1/\1 1 1 1 11

The three-component zoom thén is represented by

3

1A>101A101A101A ad At

The maximum power of A to appear in D is four, so there can be a maximum of four crossing
points. Each factor A which appears in D arises from a variable air space. A five-component
zoom lens will have two more variable air spaces and thus two more possible crossing points.
The matrix method yields a similar result:

A3 A4 1 0 1 A 1 0 1 A A3 A4 A A2 A5 A6
2 3 '
PLEEA 1 1/ \o 1/\1 1/\o 1 a2 A3 /\a a2 2% 45

A three-component zoom lens has only three possible crossing points when the object is at infinity.
This comes about since a change in the position of the front component does not change the con-
vergence or divergence of the light striking the component and thus the air space in front of the
component is not a variable air space.

A slight extension to the above argument makes it possible to prove that linearly compensated
zoom lenses may have the same number of crossing points as finite variable air spaces. The
spaces in a three-component linearly compensated zoom lens can be represented as to + aa,

ty +ba, ty + ca, tg +d a; whena,b,c, and d are constants suchas a+b+c+d = 0.

The substitution of 1 for A is justified since we are interested in the highest powers of a

resulting from multiplication. Multiplying some power of A by either 1 or A gives the same
result as far as the highest power of A is involved,

-3 -
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/1 -t -aal
) nd 3
Tn the matrix multiplication, the matrix for the first air space is [\ ) .
0 i

Now if only the powers of A are retained, and all nonessential information is dropped, the matrix
1 a

can be written . This, however, is identical to the first term for the optically com-
0 1

pensated lens and the remainder of the proof is identical,

1.0CATION OF CONJUGATE POINTS

Another expression necessary to later development is one giving the object distance for a zoom
system., Consider an optical system with a reference plane in the object space and a reference
B D

plane in the image space. The paraxial matrix is A . If the light from the object is
C

striking the first reference plane with a divergence of Ao , we can then write

1 0 B D B D
A 1 A C AOB+A A, D+ C
A D+ C
The image will be formed at a distance —————  from the reference plane in the image
A B +C
0

space.

Now consider the case when some component or components are shifted within the lens system.

/B D\
The new paraxial matrix can be represented as i . The back conjugate for the same
LA C
AD D'« O
object location will be S
A B o+ A

For the system to work as a zoom lens in the two configurations, then
A D + C' A0 D + C

_— = ~ The equation is a quadratic in A0 . The system can have
A B + A Ao B + A

two different sets of conjugates and act as a zoom system in the two configurations. Nothing is
implied about whether or not the same conjugates will apply for any other configuration of the lens

Approved For Release 2005/05/02 " €1A-RDP78B04770A001900020032-6
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system. Also, no limitation was placed on how the configuration of the lens system was changed.
We can thus arrive at a general statement which applies to any type of zoom system.

Any lens system working in the zoom mode will function for two sets of conjugates at the most.
More likely the system will work for only one set of conjugates.

THREE-COMPONENT ZOOM

The three-component zoom is one which can be investigated thoroughly. Consider again the sys-
tem in figure 2, We will arbitrarily set f2 = =100 and ’c1 = t2 = 60 for the nominal position.
The motion of the outside elements will be +50.

Since there may be four finite variable air spaces there can be four crossing points. One crossing
point may lie outside the range of motion, or may disappear should the object distance or image
distance become infinity. Systems with crossing points occurring at the end of travel and at the
mid-position will be investigated, although another crossing point may exist. The solutions were
found by trying values for f1 and f3 , finding the conjugates for the ends of the travel, and then
finding the error at the mid-position of travel. Either f1 or f; was changed to reduce the error.
Those solutions for no error in the mid-position are plotted in figure 3. Rather than plot accord-
ing to f1 and f3, the diopter powers of the lenses are used. A number of solutions are shown
which are not mentioned in any of the literature we searched. In the first quadrant two curves
are shown., These are the two solutions for the quadratic in Ao . The closed loop is for the case
when one conjugate is real. The other curve is for the case where both object and image are
virtual. The closed loop is for the ordinary object and image, while the other curve is for the
pupils. In the present case it is possible to find solutions where not only are the object and image
relatively fixed, but the pupils are also relatively fixed.

The solutions of most interest lie on the closed loop in the first quadrant between the two indicated
points. At one of these points the object is at infinity while at the other the image is at infinity.
For portions of the curve between the indicated points, the system has a real object and a real
image. The symmetrical case (f1 = f3) is of interest since it has the greatest magnification
range, can have four useful crossing points, and has the smallest errors of focus between cros-
sing points.,

The solutions in the other guadrants are largely of academic interest, Those in the third quad-
rant consist of three negative components, and have small ranges of magnification.

The three-component zoom lens in which the fixed component is positive can be investigated in a
similar fashion. The lens is shown in figure 4. In this case f, = 133, while t; = ty = 60

for the nominal case. The motion is again +50. The solutions are plotted in figure 5. The useful
solutions are in quadrant 3. No solution corresponding to the fixed pupils was found with the
positive fixed component. Again the part of the curve of greatest interest lies between the two

-5 .
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soints where the curve is tangent to the two coordinate axes. At one point of tangency the object
15 at infinity while at the other point of tangency the image is at infinity.

‘The object and image are virtual for all values on the curve between the two tangent points.
Again the symmetrical case (f1 = f5) is capable of four crossing points, has the maximum
saagnification range, and has the smailest focusing errors between crossing points.

#iVE-COMPONENT ZOOM

he investigation of the three-component zoom showed the superiority of the symmetrical case.
13y analogy it is to be expected that the symmetrical case in the five-component zoom would be
Jesirable. The exact conjugates and magnifications required can be obtained by using auxiliary
components. Should a good reason exist for desiring a five -component zoom lens which was not
symmetrical, the best approach would probably be to find the symmetrical solution and modify it.

The notation used for the five-component, optically compensated zoom lens is shown in figure 6.
in the illustrative examples t, = ty = 60 for the nominal, or one-to-one case. The range ot
:notion is +50. The system is capable of giving six crossing points. This is checked by finding
i5 D
ihe conjugates for +10, 30, and +50 and comparing. If the matrix for a +10 motion is k -
/C D :

F
then the matrix for -10 motion is | , assuming the reference planes to be symmetri-
~ally placed.

he five-component, optically compensated zoom system can be determined by the following
somputational steps. Fix the values for f1 s t1 , and tz . Apsume values for f2 and f3 . These
#ill have to be of reasonable magnitude or the resulting solutions may be of little interest. De-
cide at which positions the system is toc have crossing points. Suppose these are at +a, +b, and
-¢. Call these position A, position B, and position C. Further specify a < b < ¢. Now the
ilgorithm which will lead to a solution can be given in the following steps:

L. Put lens system in position A and find the conjugates for which system will work
as a zoom system.

2. Put lens system in position C and compute error in focus.

[A\]

Adjust focal length of {4 to reduce focusing error for position C and return to
siep 1. Repeat until focusing error is sufficiently reduced, then go to step 4.

4, Put lens system in position B and compute error in focus.

Approved For Release 2005/05/02 5 CIA-RDP78B04770A001900020032-6
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5. Adjust focal length of f2 to reduce focusing error in position B and return to
step 1. - When focusing error is sufficiently reduced in position B, the focal
lengths for f2 and f3 have been found.

The algorithm has been programmed as an iterative routine for a digital computer. Examples of
numerical solutions are given in tables 1 and 2. It is interesting to note that a large magnifica~

tion range is obtainable in the optically compensated case, while focal shifts are relatively

modest.
Table 1. FIVE-COMPONENT ZOOM - POSITIVE COMPONENTS MOVABLE
Object Magnification Maximum
f1 fa f3 Distance Range Error
140 -123.6 217.17 599 6.0 0.003
120 -101.4 185.8 511 8.4 0.007
100 - 79.3 154.2 423 14.0 0.016
80 - 57.2 123.0 336 30.0 0.046
60 - 35.3 92.3 252 128.0 0.24
40 - 13.3 62.8 173 5300.0 2.86
Table 2, FIVE-COMPONENT ZOOM - NEGATIVE COMPONENTS MOVABLE
Object Magnification Maximum
f 1 fz f3 Distance Range Error
-120 165,17 -202.6 -584 5.3 0.004
-100 143.6 -170.8 -495 7.0 0.007
- 80 121.5 -139.1 -407 10.5 0.014
- 60 99.4 -107.6 -320 19.0 0.037
- 40 77.5 - 76.4 -234 56.0 0.13
- 20 55.8 - 46.1 ~152 490.0 0.73

Clearly and optically compensated zoom lens with its single moving part is attractive from the
standpoint of simplicity of construction. It should nevertheless be recognized that the linearly
compensated zoom lens has certain merits tending to offset the additional mechanical complexity
involved., In its most general form the elements of the linearly compensated zoom lens may all
move independently, subject to the constraint that these movements are linearly related. An

-7 -
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example where but two movements are allowed is shown in figure 7. Comparing figure 7 and 8,
which have the same distance from object to image, it is seen that in this instance the linearly
compensated example has a smaliler focus error and a better distribution of power among the

cleaments.

As a specific example of these studies a five-element optically compensated zoom projection lens
has been designed and fabricated and is shown in figure 9, The application of the lens called for
2 magnification range of 10, with the upper and lower limits unspecified; that is 1-10, 3-30, etc,
n this circumstance it was elected to develop a '"'module’, ranging from 10“1/2 to 101’/2 in mag-
nification, such that end elements could be added for later specified upper and lower limits. As
has been noted, it is not possible to deviate excessively from a symmetrical construction (at mid-
position travel) if the maximum number of crossings is to be obtained. Acceptance then, of such
2 symmetrical design eliminated coma, distortion, and lateral color in the mid-position.

Correction of aberrations at one extreme of travel resulted automatically in correction at the
other extreme of travel. These considerations led to considerable simplification of the design
task and reduced the number of tools and test plates by half, not an unimportant factor when
small numbers of units are involved.

The basic module covers a 112-mm by 112-mm format at unit magnification. At one end of the
travel the object format is 213-mm by 213-mm, and the image format is 67-mm by 67-mm.
Focal shift throughout the range is well within the Rayleigh limit. At the 3.16 power setting
axial resolution is better than 200 lines per millimeter in the object. Triplet end elements have
been added, providing a 3 to 30 power range for projecting a 4 1/2-inch by 4 1/2-inch format on
1 20~inch by 20-inch screen.

{:ONCLUSION
The algorithm described in this paper demonstrates a convenient means of exploring all arrange-

ments of optically and linearly compensated zoom lenses. An upper limit to the number of cros-
sings obtainable in terms of finite variable air spaces has been established.

-8 .
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Figure 1. NUMBER OF POSSIBLE CROSSING POINTS WITH ONE, THREE AND
FIVE-COMPONENT OPTICALLY COMPENSATED ZOOM LENSES
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FIVE-COMPONENT OPTICALLY COMPENSATED ZOOM LENSES
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3 COMPONENT ZOOM
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Figure 3. SOLUTIONS FOR A THREE-COMPONENT ZOOM LENS WITH CROSSING

POINTS OCCURRING AT THE MID-POSITION AND AT THE
TWO ENDS OF TRAVEL (NEGATIVE FIXED COMPONENT)
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Figure 4. THREE-COMPONENT ZOOM LENS WITH POSITIVE FIXED COMPONENT
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Figure 5. SOLUTIONS FOR A THREE-COMPONENT ZOOM LENS WITH CROSSING
POINTS OCCURRING AT TiE MID-POSITION AND AT THE
TWO ENDS OF TRAVEL (POSITIVE FIXED COMPONENT)
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Figure 6. SYMMETRICAL FIVE-COMPONENT ZOOM LENS
WITH NEGATIVE FIXED COMPONENTS

Approved For Release 2005/05/02 : CIA-RDP78B04770A001900020032-6



g1 -

Approved For Release 2005/05/02 : CIA-RDP78B04770A001900020032-6

+129.09 X 0.1
—-—— - -

320. 04 154. 91 154. 91 154.91 154. 91 320. 04
f5 fy fi fy fa
fl - 289.16
-+ - - —
$129.09 X 0.9 fy = -229.57
fz = 215. 14
MAGNIFICATION RANGE = 8. 13X MAXIMUM FOCUSS ING ERROR = 0. 0026

Figure 7. FIVE-COMPONENT SYSTEM WITH TWO MOTIONS LINEARLY
RELATED - 8.13 TIMES MAGNIFICATION RANGE

Approved For Release 2005/05/02 : CIA-RDP78B04770A001900020032-6



- 971 -

Approved For Release 2005/05/02 : CIA-RDP78B04770A001900020032-6

* 50

60 60 509. 85

509. 85 60 60

-101.36 185. 67

120
MAXIMUM FOCUSSING ERROR = 0. 0081

185. 67 -101. 36

MAGNIFICATION RANGE = 8.39X

Figure 8, OPTICALLY COMPENSATED ZOOM LENS WITH SAME OVERALL
LENGTH FROM OBJECT TO IMAGE AS SYSTEM IN
FIGURE 7 - 8.39 TIMES MAGNIFICATION RANGE
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Figure 9. PROTOTYPE OF FIVE-COMPONENT OPTICALLY COMPENSATED
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EQUIPMENT PERFORMANCE IBST
Momufacturer Model & Type
Serisl ir Site of Test Date

I. GENERAL INSPECTION:
Test personnel szhall be thoroughly familiar with applicable specifications, and
iteme not specifically noted in this schedule shall be checked and discrepancies
noted. Make a general inspection of the unit paying particular atteation to
workmanship and general appearance, Check interior and exterior surfaces, elec-
trical wiring, transports, control panel, stc., for compliance with specifications.
Make comments below: ‘

II. PROJECTION SYSTEM TEST: :
For the following tests, measure and record the test conditions &t the time
of the test:

Line voltage (at lamp) A /
Temperature ’ of
Relative Humidity %
A. Light Test

‘1. With an open film gate and the brilliance control at maximun,
take 1ight intensity readings with a calibrated Photometer at the points in-
dicated by the sketch below (points 1 thru 9) for each of the magnification

ranges:
oo -1-
. - #ooa -7.
i . 2 ;

4 .
fff'//'zefé'tﬂw M/ fgf“w{,d R S A MM%, ""“"h‘a,,—n?fk ? Z:_{
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2. In all megnificetion ranges, traverse to both extremes and
check for evidence of color fringing over the entire screen. Make comments below
as to the degree of color fringing, if any, and in which magnification range(s).

There is/is not evidence of color fringing on the screen.

3. In all megnification ranges, check for evidence of "hot
spots” over the entire screen, Make comments below as to the degree of hot spott-
ing and in which magnification range, if -any. :

There i8/is not evidence of “hot spotting” on the screen,

-2 -
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BB, MAGNIFICATION & DISTORTION TEST

1, Plage a calibrated grid of approximately 0.2" spacing in
the film gate and clamp. Determine the length that each side of the projected
grids should be by multiplying the actual grid spzcing by the magnification range
as engreved on the selector buttons, and record in the space below. Make 16
random measurements of the projected grid lines, 4 in each quadrant, in each
magnification renge. Half of these measurements should be in the X direction
and half in the Y directipn; record measurements below,

‘Calibraied grid of spacing.

Grid linesAaQ____x

Grid lines at X

Grid lines at

Grid lines et____ X
1\ I

i L 11

2. Measurements:

X X X X

Quad I

Qued II
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QUAD IV

3. Magnification: Compere the average of the projected grid
line measurements with the "Grid lines at X* length (determined in B,1. above)

to determine conformance with magnification specifications.

Does/Does not conform with magnification specifications in X, X,
X, x. - )

4. Distortion: Compare the projected grid line measurements
with the "Grid lines at X" length (determined in B.1l. above) to deternmine
conformence with distortion specifications.

Does/Does not conform with distortion gpecifications in X, X,
——.x, x'

5. As a final diatortion test, make a visual cheock of the entire
scresn to determine the presence of any distortions not diseovered in performing
the above tests, 1. e., curved grid lines, wavy grid lines, etc. Make comments
below: ' '
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2. Time the movement of a known length of film (15' or so)
scanning at the slowest possible speed and at the highest magnification.
Record the speed below. Repsst the test for the fastest scan speed and
record the speed below, While in the slow scan speed, check for noticeable
Jerking or sporadic movements of the projected image. Slew an entire roll of
film from one side to the other and record elapsed time below.

- Slowest scan inches per second
Fastest scan inches per second
Slew ' film . minutes/seconds

There is/is not noticeable jerking or sporadic movement of the projected
image at the highest magnification. Comments:

3. Repeat the test in paragraph 1 above using 94" Thin Base film.

L. Repeat the test in paragraph 1 above using 70mm St'd film.

IV. GENERAL OPERATION: While performing the above tests, all controlsa
and operations should be thoroughly exercised and controls should be placed
in every concelvable eombination to check safety interlocks in the equipment.
Make statements below a8 to proper operation of all funections.

A. Lateral Drive. (Extreme tc opposite extreme, / seconds)

B. Film Motlion Control.

C. Magniflication Selection. (Elepsed time for worse change, secs)

. Illumination Control,

oL
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B. RESOLUTION TEST

’ 1. Place a Standard High Contrast Air Force Resolution Target
in the film gate and apply clemping. Meke 5 readings of the minimum readable
targets at each magnification setting, one in each quadrant and one al screen
center, record rsadings below:

Cmtr. I . II III Iv

LT

g »flﬁ—»,{/ Mgt g cﬁ-{f I / Z ﬁj;ﬂ;»“»z:
//K—VLJ Tt “ﬂ& 43 ’ '
AR AW&/W £
_ e}

': FASE 2 Xaa [4{adniit

P
%

trels lew

: L

b

2. The brilliance control should be left in the meximum pos-
ition throughout the entire test - preferably for at least 8 hours without shut~
off during breaks in the test schedule. Test should start with a new lamp and

ohould burn-out occur, record the time on the lamps used for the test. At the

end of the test, check all optical elements for heat damage = check lamps for
bulges and swelling.

III.: FILM TRANSPORT TEST

. A+ Film Degredation Test: Load a roll of 94" standard base {ilm
which is free from any scratches or gouges, i. e., straight from the photo lab
and in new condition., Scan and slew in both directions 60 times (30 times each
way) with frequent stops and starts within a 10 to 20 foot marked segment of
the film, Check this segment of film at the highest magnification for evidence
" of degraaation.

/ ﬁ/,& & g @f/& f e "*%‘4\/ /L« /,.e //‘»« ge/d%y/,’f’ 70 Lot b
,1/1 1m is/is not appreciably degraded - make statement below as to
seriousnass of degradaticn, if any.

< 7

B, Film Drive Test /

Load a full 8" diameter reel of_§§§ndarqﬁgr thin base film end
scan or slew throughout the entire length., Also, scan end slew back and forth
seversl times at or near each end of the film to determins that operation of
. the film drive is in accordance with Film Drive Specifications.

The unit will/will not satisfactorily "handle" full reels of film
throughout the entire length. Make comments below:

Approved For Release 2005/05/02 : CIA-RDP78B04770A001900020032-6
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E.

F.

G.
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Fine Focus,

Scan/Slew Mode Selection.

Other, (List controle tested and make comments)

-6 -
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V. GENERAL: Personnel conducting tests should note below any comments
regarding opinions on workmanship, machine suitabllity to the mission, machine
strengths, machine weaknesses, etc. Make a lemp change and comment on the ease/
difficulty of this operation.

Tests performed by:

Name Title

Approved E2+ HA8 25505102 : CIA-RDP78B04770A0019000206 5% °1°
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HUMAN FACTORS STUDY
ADVANCED REAR PROJECTION VIEWER

OBJECTIVE

The objective of this report is to present the results of a study
conducted to produce a configuration, based solely on human factors

considerations; for the advanced, rear projection viewer,

METHOD
The study consisted of three major phases:
1. Preparation of a description of the interpreter's functions =

and tasks when using the advanced rear-projection viewer,

2. ,Establishment of a set of human factors design goals aimed at
providing optimum man/machine interfaces for the performance

of the identified functions and tasks.

3. Development of a configuration based on the design goals.

RESULTS

Description of Interpreter Tasks and Functions

It is important to note that with respect to the viewing equipment, the
term "scan" means a specific, formalized operation. The results of this
operation are principally to catalogue the quality of coverage for known
targets located on the film and secondly, to report new targets. The
cataloguing (which is called "indexing") is by far the most time consuming
of the two activities even though the finding of the new targets is
probably the most important., It is not unusual for a given mission to héve

the new targets number only a fraction of one percent of the old targets.

From the standpoint of the viewing equipment's acceptability by the
operational personnel, the equipment must facilitate the "indexing"
portion of the "scan." It should be noted that the "indexing" task is
almost universally disliked and the operational personnel will be very
sensitive to any equipment feature which makes the task more difficult;
however, they will be equally sensitive and appreciative of any equipment
which takes the drudgery from the task. Further, decreasing the effort
required for indexing increases the time permitted for locating new

targets,

Approved For Release 2005/05/02 : CIA-RDP78B04770A001900020032-6
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In the Design Goals Section and the Flow Chart which follow, the term
"collateral material has been used to cover material used for indexing

as well as for finding new targets.

Figure 1 is a generalized functional flow diagram of the scan function
performed on the advanced rear projection viewer. The purpose of the
flow is to identify, in a systematic way, those functions which have

particular significance for design of the interpreter/machine interface.

Design Goals

The desigﬂ goals presented below are identified with the function from
the flow chart which generated them. Only those goals peculiar to the
advanced rear projection viewer have been considered. Items having to do
with normally sound human engineering practice, such as the layout of
controls and displays and the rounding of corners to prevent injury to

the operator, have not been detailed in this report.

FUNCTION 1.5—Place image in desired position on screen

1. Masking should be.provi@ed along edges of film to prevent
excessive illumination on portions of the screen when areas
near the edges are positioned in the center of the screen

for viewing.

FUNCTION 1.6—gcan full screen

l. Viewing angles obtainable for entire’ screen should be as
near normal to the screen as possible to reduce brightness
loss to a minimum.

2. Viewing distances for the entire screen should be as near
£4 inches minimum as possible for c¢omfortable viewing.

3. Viewing angle for any portion of the screen should not

impose awkward or uncomfortable postures or head positions.

Approved For Release 2005/05/02 : CIA-RDP7SBO4770A001900020032£%ge fwo



Approved For Release 2005/05/02 : CIA-RDP78B04770A001900020032-6

srLsCT .
N MAGNTPICATION S
OESIRED
. [ .
1.3 ! 1.8 : 1.0
@ BELECT SCRETK | PRoczED TETERIRE W0 AREA
1.0 1.1 ey - 1.7 el T & Dt
ELEW TO PIRST ! BCAX :Lﬂ.‘—:n;;é'; ;'é i
it o A) ()— L peel  couaTERAL -3y .
DESTRED TANE 14 BCRERN MATERTAL MEZIED | L"’ Y 1.12 Lz
MAXE ADJUSTRDNTS
{ | 2o pac o || . RExen 0 LOGATE AREA OF IX MAGNTPICATION sTUDY R
DESIRED CRIENTATION “ frcmaiion - s Mmhﬂgn"ﬂmm. ARzp -
1.5
ER L e
PLACE JHAGE IX
DESTRED FOSIYION  [remed
ON SCREEN
. ’ 228 ®
1,18 137 _t?
AEPEAT STZPS
PROCEED WITX DETERMINE AREA 1.2 = 1,37
I8 OF ¥O INTERLST| 1,20 3.ma 1.23
1,14 ) ., 2 .
JOSTTRUONE THAT KO
T e, s e 9D
CONGULTATION IXPORIATION 18 NICESSARY | o8 REPORT * &
s DETERKINE 17 FURTWGR ADvANCT TO L1
116 1.8 1,10 . SCAX OF FRAKE 15 peckin sTaes
. MAZE ADGUSTRENT LY HEARESARY 1.2 = LaT
REQUEST CETERMINE AREA BRIGHTNESS!
CORSULRATION 15 OF DNTRREST JORIENTATION, OR POSITION| 1,21 1.24
LD DETERATIG THAT ADDITIONAL T -
TAGIRY, s on r m’ .50 — -
. - IS NECZSSARY —L EE TATDX s et ont
> - ECANNGD L
. .
. .
FIGURE 1, FUNCTIONAL FLOW DIAGRAM
¥ * .
Approved For Release 2005/05/02 : CIA-RDP78B04770A001900020032-6 " pave th
. . . K . . - - age three




Approved For&elease 2005/05/02 : CIA-RDP78B047704001900020032-6

FUNCTION 1.9—Refer to collateral material

1. Reference to collateral material should not require major shift
of position.

2. Area provided for collateral material should be large enough
to allow systematic viewing of material.

3. Area provided for collateral material should allow for con-
venient viewing of maps. without restriction on map orientation.

4. Area provide for collateral material'should allow for conven-
ient, organized storage of material not in immediate use.

5. Viewing screen material and orientation should allow placement

.’of collateral material on the screen for side-by-side compari-

gon with projected image.

FUNCTION l.ll—Locate area of potential interest

and 1.22—Extract information

1. Viewing arfangement should allow interpreter to make use of
all information on the imagery without placing film in a dif-

ferent piece of equipment.

FUNCTION 1.16—Request consultation

1. Work station design should allow convenient viewing of screen
by at least two people simultaneously.

2. Collateral material area should allow convenient selection of
material for viewing by any one of three people.

"3. Work station design should not require major displacement

of operator when consultant is present.

FUNCTION 1.23—Prepare information for report

1. Area provided for report preparation should be large enough to
allow systematic arrangement of report materials.

2. Area provided for report preparation should be large enough
to permit writing material to be oriented in a normal, com-—

fortable manner.

Approved For Release 2005/05/02 : CIA-RDP78B04770A0019000200326, ¢ four
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3. Area provided for report preparatidn should be located so
that no major shift of body position from viewing posture is
required.
4. Area provided for report preparation should have convenient
storage for report preparation materials such as pencils,
paper clips, staplers, etc when they are not in use.
GENERAL -
1. Viewing screen should not be damaged or broken by inadvertent

Approved For Release 2005/05/02 : CIA-RDP78B04770A001900020032-6

bumping with operator's hands, elbows or with collateral
material.

Work station should provide convenient place for ash trays,
coffee cups, and operator's personal equipment such as scales,
loupes, and glasses.

Work station should be designed to prevent damage to equip-
ment . or materials and spilling'of ash trays, coffee and

soft drinks.

Ease of film loading and unloading is critical. While provisions
for long rolls of film must be made, it is normal in the scanning
operation to have rolls which are quite short (as few as four.

frames in a roll), For this reason, frequent handling of rolls

"is required.

Provision for handling small film chips encased in plastic

sleeves would greatly increase the flexibility of the viewer,

. Page five
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Configurafion

The configuration which most nearly satisfies the design goals ig one

which will allow a sit-stand type of operation such as that performed

at a drafting table. A sketch of the suggested configuration is shown

in Figure 2., This configuration was chosen over one using standard

office seating for several reasons.

ll

Approved For Release 2005/05/02 : CIA-RDP78B04770A001900020032-6

In order toprevent awkward and uncomfortable viewing positions.
For a 30 x 30 inch viewing screen, it is necessary to have the
top sloping away from the interpreter (face of the screen
tilted up). TFigure 3 illustrates the angles of gaze for three
screen orientations: (1) face of the screen tilted down 15°
(top sloping toward the operator); (2) vertical; and (3) face
of the screen tilted up 15°., For example if the operator can
be positioned at a viewing distance of 14 inches so that his
line of gaze is normal to the screen at the midpoint of the
screen height, to see the top one third of the écreen when it
is tilted face downward 15°, he will have to direct his gaze
upward between 50 degrees and 60 degrees. In the same situation,
if the screen is tilted face upward 15°, his gaze will only be
between 20 to 30 degrees upward. Since working for even short

periods of time with the head tilted backwards is extremely

likely to produce fatigue and accompanying discomfort symptoms

in the back of the neck, the reduction obtainable by orienting

.the screen 15° face-up is very desirable.

In the 15° face-up configuration, 1f the height of the center

of the screen is set for a normal viewihg condition for a

50 percentile operator (line of gaze normal to the screen, view-
ing distance 14 inches) the bottom of the control panel, or
writing surface will interfere with the thighs of the 95 per-
centile operator (assuming a 6-inch high control panel), If

the screen.is raiéed to accommodate the large man's thigh
clearance, the viewing angles are significantly increased for

the 5 percentile man., This has the undesirable effect of

Page six’
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increasing the angle of gaze above horizontal, which is itself,
undesirable, and which has the additional drawback of reducing
the brightness of the image reaching the interpreter's eye.
Figure 4 illustrates the gain for Pélacoat LS-60C at various
viewing angles. These gains were converted into percentages,

which are shown in Figure 5. Figure 6 shows this data plotted

‘as a function of the location of the screen's surface with re-

spect to the eye's position. Information is shown for two
conditions; first, when the eye is fixed at a point 14 inches
from the screen measured on a line normal to the screen, and
second, when the eye moves at a constant height and maintains
a viewing distance of 14 inches to the point to be observed on
the screen. As can be seen from the curves, placement of the
operator 4 inches below his optimum height (line of sight nor~
mal to the screen, passing through the midpoint of the screen)
reduces the brightness at the center of the screen by 30 to

35 percent and for the top third of the screen-by more than

50 percent.

The height for a sit~stand configuration with a screem in the
15° face-up configuration can be such that people standing and

consulting with the interpreter can have a good view of the

* screen. Figure 7 shows a side view sketch of the viewer. The

screen centerline height of 53.4 inches is based on a consider-

ation of the following dimensions:

Seat height 27 inches
Thigh clearance 7 inches
Shelf thickness 1 inch

Control panel ‘ 4 inches

Height to screen
Center 14.4 inches

TOTAL 53.4 inches

To arrive at the ideal operator's eye height from the 53.4
inches at the center of the screen, 3.6 inches must be added.
This is the height above a point on the screen at which the eye

must be in order to have a line of sight normal to the screen

Approved For Release 2005/05/02 : CIA-RDP78B04770A001900020032-6
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5.0

0 10 20 30 40 50 60 70
' VIEWING ANGLE (DEGREES)

FIGURE 4, VIEWING ANGLE IN DEGREES FROM CENTRAL AXIS (FOR POLACOAT LS-60C)

Approved For Release 2005/05/02 : CIA-RDP78B04770A001900020032-6 Page ten



RELATIVE BRIGHTNESS IN PERCENT
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10 20 30 40 50 60 70

VIEWING ANGLE IN DEGREES

FIGURE 5. RELATIVE BRIGHTNESS IN PERCENT AS A FUNCTION OF VIEWING ANGLE FOR
POLACOAT LS~-60C
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FIGURE 7, SIDE VIEW OF PROPOSED REAR PROJECTION VIEWER CONFIGURATION
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at a 14 inch viewing distance, The ideal eye height for the
50 percentile operator should therefore be 57 inches. The
actual eye height for a 50 percentile man seated on a 27-inch
stool will be 56.5 inches, allowing for a normal 2 inch slump
in sitting height. TFigure 8 givé the anthropometric data used

in this study.

With a seat height of 27 inches, a foot rest must be provided
which is adjustable through a range of 6 to 12 inches above the -

floor.

The 15 degrec face-up configuration of the screen will allow
the interpreter to place collateral material on the viewing
surface to provide side-by-side comparisons with the informa-

tion on the screen.

As shown in Figure 2, a large area is provided to the left of

the operator for placement of collateral material at the same

°height and angle of the screen. This material will also be

readily available to other interpreters during the consultation

process.

A desk area is provided to the right of the screen (Figure 2)
to provide a suitable writing surface and to allow viewing
of collateral material that is not suited for the sloping
board to the left of the screen. Desk-type storage space is

provided on both extensions.

Consideration should be given to providing for direct viewing
of the film through the optical system. An auxiliary lens
system which could be mounted over a clear area of the screen
would be the'ideai way to provide for this from a human factors

standpoint.

Such a provision should greatly increase the flexibility of the
viewer, allowing film viewing without the contrast or resolution
loss of the screen. It should also significantly improve the
interpreter's acceptance by providing him with nothing hut

"clear glass' between himself and the film.

Approved For Release 2005/05/02 : CIA-RDP78B04770A001900020032-6
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STANDIﬁG EYE HEIGHT GLUTEAL FURROW HEIGHT

5%ile  29.8 inches
50%ile 31.6 inches
95%ile 34.3 inches

5%ile 80.8 inches
50%ile 64,7 inches
95%ile 68,6 inches

HEIGHT TO SEAT REFERENCE POINT

&
x ,
3 5%ile 29.4 inches 5%ile 15.7 inches
| 50%ile 31.5 inches 50%ile 17.1 inches
‘é 95%ile 33.5 inches 95%ile 18.2 inches

FIGURE 8. ANTHROMPOMETRIC DATA

(From Hertzberg et al., 1954)
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NOD 110/120 Optics
2 Barrel System 65-18k 25X1
a) 3X-="30X 10:1 _
25X —=> 70X 3:1} 65-18k
b) 3X-» 15X 5:1} With overlap
15X = TOX 5:1

Single Barrel - Omit Positive Auxiliary Lens-
Negative Lens Handles
Basic Magnification.

a) Cuts down the size of field angle therefore Zoom correction is
reduced proportional to meg. in the omitted positive auxiliary.

b) Mey be incorporated into #1 above.
c¢) Glass size in the Zoom reduced.: .

Single Barrel Hybrid - Switch negative auxilisry lens.

a) 5:1 Basic Zoom System
Neg - Pos - 6 ¥ Low Range
" " -30% High Renge

2 Zoon Systems in Series

a) One continous Mag. - Switching not necessary
b)

Single Barrel

a) New Design -~ 48 Surface capability

b) Pregram written - being checked.
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iIN REPLY REFER T

May 12, 1967

.

POosT O1Tice BoxX 30UJ1
Southwest Station
Washington, D.C. 20024

Project #03016

Attention: Paul S.

Dear Paul,

Please excuse the delay but I ran into a priority problem with the
final report.

Enclosed you will find copies of the references requested as well as

others which seem relevant. 1 would be happy to talk with Ed. D.

about placement of screens and other characteristics of rear-projection,
P.I. equipment. It is not possible to make specific recommendations
without more information; however, the following general comments may

be of use: VLR LN

1. 1In general, the optimum location %ér a display is directly before
the operator and from 0° to minus 30° from his horizontal line of
sight. Thus, the screen should be located so that its center is
about 15° below the horizontal sight line and its surface is normal

to the direction of sight.

When the screen subtends more than 30° at the preferred viewing

distance, I suggest, as a rule of thumb, that the angle by which
the screen's upper edge is higher than 0° should be one-half that
by which its lower edge is below minus 30°. This rule recognizes

that it is harder to look up than down.

(With the exceptions I note below, all dimensions should be based

on the 50th percentile anthropometric man.)
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2. Glare, beyond that which can be controlled by choice of screen
material must also be considered in screen placement. It is
preferable to control the work area lighting so that recommenda-
tion 1., above, can be achieved without objectionable glare. 1If
such control is not feasible, it may be necessary to change the
screen angle -~ the extent of the change dependent on the speci-
fics of the glare source.

3. Many of the high resolution sereen materials require that the
interpreter look directly toward the light source to see the
image. This directionality of the image forming characteristics
of the screen material must also be considered in determining
the screen's position. It follows that the screen should be
placed so that a short man (5th percentile) can see an image in
the upper edge of the display without getting out of his seat.
The alternative is to provide an adjustable seat with suitable
footrests, etc. ’

4. Some rear projection equipments have screen-mounted devices such
as light pens, plotters and sights for mensuration and coordinate
determination. In such instances, the screen may be positioned
flatter and lower to both make it easier to reach the devices
and also, if very precise manipulation is required, to provide a
surface to steady the hand.

I note the requested references contained information on the general

topic of screen resolution and, in particular, on methods of reducing
the effect of screen grain. When at |I was involved in an 25X1
experiment, sponsored by Frankford Arsenal, to Investigate the effects

of different amplitudes, frequencies and types of movement on image
quality of dynamically scanned fiber optics. As a side light of this
study, some rear projection screen materials were also tested. I called

25X1 a friend at | I for any information he had; 25X1
the resulting letter is attached. Th{ [preliminary data is 25X1
not in agreement with the conclusion reached by the authors of the re-
quested article regarding the necessity for two moving screen surfaces.

I would also like to make some general observations on screen resolu-
tion and graininess. It seems to me that these screen characteristics
.are relatively unimportant in the design of rear projection equipment.
5 There are many screen materials, including certain vellums, that can
give all the resolution a man can see at the recommended minimum view-
nb ;E) ing distance of 14" -- namely, about 5 to 7 lines/mm. If the images
[
1
|
L

formed on the screen have greater detail than above, a person will
require a supplementary optical aid to see it. As one of the main
Jjustifications for rear projection viewing is to get away from the
requirement for viewing images through tubes and glass, it does not
make much sense to provide resolution which requires supplementary
devices.

Approved For Release 2005/05/02 : CIA-RDP78B04770A001900020032-6
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If the image resolution is limited to less than 5 to 7 lines by the
screen resolution, then the image can be further magnified, using a
larger screen and moving the operator farther away. For example,
even though a motion picture theater screen's resolution is lousy

by any standard, it is not a significant factor in limiting apparent
resolution to the theater-goer. The obvious limitation to following
the "theater philosophy' is the lamp source heat and power problem
which increases with large screen projections.

I think that the problem of image directionality is probably more
critical than screen resolution, -particularly when the operator has

a sufficient magnification range to allow his placement far enough
away from the screen to not see the grain. (Incidentally, reports

of "'screen graininess' by viewers are quite often due to film grain-
iness -- you may have observed that such reports occur more frequently
with high magnification.) The operator will find it particularly

poor 1if, because of directional screen, he has to move his head and
body "all over" to see the image.

Finally, I wish to emphasize another aspect of rear projection equip-
ment use. Because viewing an image on such equipment appears natural
and straightforward, little attention has been paid to the simple but
necessary training or experience which is required to effectively use
or to fairly evaluate the equipment. If the equipment is correctly
designed, it will have the capability of displaying at high magni-
fication nearly all the information in the film for viewing at a
comfortable viewing distance (minimum 14 inches); however, the normal
individual is so conditioned to "see more, get closer' he will in-

L. evitably move closer and be disappointed because there is simply no
more detail to be seen. (This phenomena is related to the observation
one can make in any TV store where people will marvel and rave over
the high resolution of the 3" Sony TV viewed at two feet which actually
presents much less information than the ignored large size TV set
standing next to it viewed at 20 feet.) This natural tendency often
leads to unjustified criticism of rear projection equipment. Unless
one has a rear projection screen evaluated by a person with sufficient
experience that he no longer feels the need to "get closer", evalua-
tion should be done on an objective basis. The set of checkerboard
targets varying in size and contrast which I have spoken about would
be useful in making such an objective evaluation (PLUG) .

I hope that the foregoing will be of use.

Very txulv vours,

SJB :mg

Approved For Release 2005/05/02 : CIA-RDP78B04770A001900020032-6
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HUMAN-BODY DIMENSIONS N '
b

~ KNEE HEIGHT (SITTING)

This is the vertical distance from the floor
" 10 the uppermost point on the knee. The sub-
~ject sits crect with his knces and ankles at
* jight angles (sec Fig. 11-54). The data are
+ given in Tables 11-58 and 11-59.
4+ For men, 24.2 in. will accommodate all but
v i the largest 1%, and 23.5 in. will accommo-
' Jate all but the largest 5%, of Air Force,
Pcrsonne]. Corresponding values for Army
pcrsonncl are 24.5 in. (99th percentile) and
13,7 in. (95th percentile). For civilians, the
% corresponding values are 24.4 and 23.7 in,
1 Thesc values represent nude percentiles plus
4 the arbitrary 0.2-in. safety factor.
For women, subtract 2.0 in. from the above
4 values. Add 1.0 in. for men’s shocs and light
4 cothing, 1.5 .in.- or more for military boots
ad heavy clothing, and up to 3.0 in. for
1 4 women’s shoes and light clothing.

KNEE-TO-KNEE BREADTH

P
P .‘,,“"..,.- M S

s.D.
- {1 For this dimension, measurement is made :
of the maximum horizontal distance across the e
-« ¥ lateral surfaces of the knces. The subject sits ‘ 3
ot . - gerect with his knees at right angles and § :
020 - "7 pressed together (see Fig. 11-55). The-data 1
1949. " are given in Tables 11-60 and 11-61. R
. § For men, 9.6 in. will accommodate all but . L
' { the largest 1% and 9.0 in. all but the largest 2l
15% of all groups. These values represent 7
‘Amde percentiles plus the arbitrary 0.2-in. L
ations 4 safety factor. ) Vi
— 4 For women, the same values hold. Add 0.¢ '
1in. for light clothing, 2.0 in. for heavy cloth-
ing, and 9.5 in. for partial-pressure suits.
5.0. g
[
0.99 POPLITEAL HEIGHT (SITTING) ;
This is the vertical distance from the floor
1.09 {10 the underside of the thigh immediately be-
\-12‘; hind the knce. The subject sits erect with his
. :

{lknees and ankles at right angles and the bot-
Joom of his thighs and the back of his knecs
barcly touching the sitting surface (see Fig.

47. 11-56). The data are given in Table 11-62. 1 1 r {
:x.,ws_a. -Q) )

For men, 15.1 in. will accommodate all but ‘
1§ 11.23]111.2.3 539
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'ANTHROPOMETRY

B

Table 11-59 Knee Height (Sitting) of Female Military Personnel

FEOSvR——

Percentilas {in.)

Population 1st 5th 50th 95th 99th S.D.

Air Force personnel !

Pitots 18.3 18.7 20.1 21.5 22.2 'i
Flight nurses 17.7 18.1 19.5 20.8 21.5 f
Army personnel ? 16.6 17.2 18.8 20.3 211 0.95 :
! Randall, et al., 1946. ? Randall and Munro, 1949. :

Table 11-60 Knee-to-Knee Breadth of Male Military and Civilian Populations

Percentiles {in.)

Population 1st 5th 50th 9 5th 99th §.0.
Air Force personnel ! 7.0 7.2 7.9 8.8 9.4 0.52
Cadets? 6.8 7.1 7.7 8.4 8.7
. Gunners ? 6.7 6.9 7.6 8.2 8.5
[ Truck and bus drivers 3 6.8 7.3 8.1 9.2 9.5
‘ ! Hertzberg, et ol., 1954. 2 Randall, et al., 1946. 3 McFarland, et al., 1958.
! -
Table 11-61 Knee-to-Knee Breadth of Female Air Force :

Personnel *

Percentiles (in.)

o Population Tst Sth 50th  95th 99t
Pilots 6.5 6.7 7.6 8.6 9.6
Flight nurses 6.6 6.8 7.5 8.4 9.6

* Randall, et al,, 1946,

Table 11-62 Popliteal Height (Sitting) of Male and Femaie Military and
Civilian Populations

Percentiles {in.)

Population 1st 5th 50th 95th 99th S.D.

Male Air Force personnel ! 15.3 15.7 17.0 18.2 18.8 0.77
Male railroad travelers * 169~ 1767 19.0* 20.6 211 %

Female railroad travelers ? 16,2* 167 * 18.1 % 19.5* 20.1 *

! Hertzberg, et al., 1954, ? Hooton, 1945.

* including shoes and light clothing {subtract 2 in. for nude dimension).

540 §11.2.3 §11.2

Approved For Release 2005/05/02 : CIA-RDP78B04770A001900020032-6




Approved FQgRelease 2005/05/02 i:--CIA-RDP7SBO4Z‘7.0A001900020032'-6
ANTHROPOMETRY

INTERPUPILLARY DISTANCE

o ‘ This is the horizontal distance between the

: - centers of the pupils with the subject looking

. s straight ahead (sec Fig. 11-27). The data are @
SE o given in Table 11-24. ﬂ ]
B o N For men, 2.5 in, will accommuodatc average

. _ _ Air Force personncl, 2.3-2.8 in, will accom-
' o modate the 90% between the 5th and 95th —
percentiles, and 2.2-3.0 in. will accommodate

the middlc 98% . No other groups have been
measured. -

EYE HEIGHT (STANDING)

This is the vertical distance. from the floor
to the inner corner of the eye. lhe subject
stands crect and looks straight ahoud t~ee Fig.
11-28). The data arc given in iable 112240

For men, 64.7 in. will accommodate aver-
age or S50th-percentile Air Force personnel.
A range of 60.8 in. (5th percentile) to 68.6
in. (95th percentile) will accommodate the

~ middle 90%, and a range of 59.2 in. (st
percentile) to 70.3 in. (99th percentile) will
accommodate the middle 98%. There are no
data for any other groups.

For women, subtract 4.5 in. from the above
values. For clothing, add 1.0 in. for men’s
shoes, 1.3 in. for military boots, and up to 3.0
in. for women’s shocs.

EYE HEIGHT (SITTING)

This is the vertical distance from the sittine
surface to the inner corner of the cye. The
subject sits crect and looks straight ahead
(see Fig. 11-29). The data are given in Table
11-25.

For men, 31.5 in. will accommodate aver-
age or 50th-percentile Air Force personnel. A
range of 29.4 in. (5th percentile) to 33.5 in.
(95th percentile) will accommodate the mid-
dle 90%, and a rangc of 28.5 in. (st per- - A
centile) to 34.4 in. (99th percentile) will
accommodate the middle 98% . For civilians,

©31.2 in. will accommodate the 50th percentile,
29.3-33.2 in. the middic 90%, and 28.6-33.9
in. the middle 98%.

518 §1123 . §1
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HUMAN-HODY DIM: N*

Table 11-24 Interpupillary Distance and - <t (Standing) of Male
Air Force Personnel *

Percentiles (in.) .

Dimension Tst 5th 50th 95th 99th §.0.

. P
Interpupillary distance 2195061 2,27 2.49 2.84 3.0477MY 0.14 !
Eye height (standing) 59.2 60.8 64.7 68.6 70.3 2.38

* Hertzberg, et al., 1954,

~{e Air Force Personnel

Population Vo ost 5th “0th 95th 99th S.D.
Male fight personnel! 294 31.5 33.5 34.4 1.27
Femole pilots 2 27.9 28.5 30.0 31.6 32.4
Female flight nurses 2 26.3 27.3 29.3 314 32.2
1 Hertzberg, et al., 1954, 1 ?Randall, et al., 1946.

Table 11-26 Shoulder Height (Standing) of Male and Female Air Force

Personnel
Percentiles (in.):

N Population g 1st 5th 50th 95¢th 99th S.D.

i
B Male flight personnel 51.2 52,8 56.6 60.2 51.9 2.28
Male basic trainees ? 50.3 52,0 55.9 59.9 61.8 2.41
Female basic trainees 3 46.9 48.2 51.9 55.4 57.3 2.18
L_ : ! Hertzberg, et al., 1954, 2 Daniels, et al., 1953a. 3 Daniels, et al., 1953b.

Table 11-27 Shoulder Height (Sitting) of Male and Female Air Force

Personnel
Percentiles (in.)
Population st 5th 50th 9 5th 99th S§.D.
I ; Male flight personnel ! 20.6 21.3 23.3 25.1 25.8 1.14
: Female pilots ? 21.8 22.4 23.8 25.2 25.9
: Female flight nurses ? 20.4 211 23.1 24.8 25.9
~ UHertzberg, et al., 1954, *Randall, ot al., 1946. ¥
§11.23  §11.23 519
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VA AL

QUESTIONS REGARDING O0M LENS SYSTEM 25X1

1. What isﬁﬁagnif‘ication range?
2. Are transparencies projected?
3. What is the light level on the screen with an open film gate?

i, How hot does the transparency get? Does the heat filter work
properly?

5. Is the image brightness uniform over the entire screen? What
screen size?

6. What is the amount of geometrical image distortion permitted?

Approved For Release 2005/05/02 : CIA-RDP78B04770A001900020032-6



Approved For Release 2005/05/02 : CIA-RDP78B04770A001900020032-6 /2 N //; -
Re .

o

( 122448 a4 T 7 P TER /;vs TRL Ly )
mMex (2oox) RIS C =
oy, (= x) SO

THE Boe 3

Ow= THE T HERMosg i s
RS DRINTELS  Black.

Zoo X S0 P

/30 X J & F

7B X ' J dO s T

77X | /B

CRIX | O Yo
2.4 | O SO

Approved For Release 2005/05/02 : CIA-RDP7SBO4770A001900020032-6



Approved Fc%;ﬁelease 2005/05/02 : CIA-RDP78B04770A001900020032-6 . / e

= LM T ENT D
( trrra TR FrLTER  sTelicss )
A1 X (2oox) 2SO ©
oy, (4/x) SO YO
THE Bue P P T T HE RAA S p 277 P x s
LSS /0»4»/,{/75?19 BBk .
Zoo X 20 O
/32 x ot
73)( / FO e
77X chy
AIX /O
754 SO L=

Approved For Release 2005/05/02 : CIA-RDP78B04770A001900020032-6



